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Current lithography methods to produce nanophotonic devices for optical applications are 
costly and time consuming. Holographic direct laser interference patterning has helped to 
establish a strategy to rapidly create 1/2D nanopatterns from a variety of materials. A 640 nm 
× 640 nm pattern structure of Au-Ti was accomplished by controlling the distances between the 
laser source, the recording medium, and the object. This metal structure has a limitation in 
regard to thickness to develop better and efficient light diffraction intensity. Later, the Denisyuk 
reflection mode method was used on the films (about 1 µm) of four ink-based dye colours 
(black, red, blue, and brown) to fabricate low-cost and efficient nanopatterns. The dyes have 
the same structural nano spacing (840 nm), but they produced different diffraction in response 
to monochromatic and broadband light. The recording mediums have different light absorption 
ranges and the black has the highest absorption. After that, we focused on contact lenses which 
are universal low-cost biomedical devices with possible applications as quantitative analytical 
devices for point-of-care diagnostics. Incorporating nanoscale features into commercial contact 
lenses as low-cost biosensors is considered a challenge. As the black dye has a high optical 
absorption, it was deposited over a contact lens to produce optical nanostructures on the surface, 
via holographic laser ablation for sensing ocular diseases. The holographic nanostructures 
showed a great response to sensing a change of Na+ ions (±47 mmol L-1) in a human tear, to 
diagnose the severity of a dry eye condition at the early stages. Likewise, this advantage of the 
black dye’s absorption can be used to produce economical optical strain sensors for civil 
engineering, aerospace and human interface applications. A holographic interference patterning 
mode was used to produce nanostructures on a commercial adhesive tape to fabricate a surface 
compatible, lightweight and cost effective strain sensor for rapid response to cracks, deflections 
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𝑛𝑖 𝑠𝑖𝑛 𝜃𝑖=  𝑛𝑡 𝑠𝑖𝑛 𝜃𝑡                                                                            (Eq. 2.4)   
µ=h/Ʌ                                                                                                   (Eq. 2.5)      
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                                                 (Eq. 3.3) 
𝐸𝑧 = 𝐻𝑧 = 0                                           (Eq. 3.4) 
𝐻𝑥 = −2𝐴𝑦  𝑛1 [ cos(
𝜔𝑧
𝑣1
) ]𝑒−𝑖(𝜔𝑡)                   (Eq. 3.5) 
𝐻𝑦 = 2𝐴𝑥  𝑛1 [ cos(
𝜔𝑧
𝑣1
) ]𝑒−𝑖(𝜔𝑡)                                                (Eq. 3.6) 
𝐸𝐼=𝐸01 𝑠𝑖𝑛(𝑘𝑥 + 𝜔𝑡 + 𝜀𝐼)                                                   (Eq. 4.1) 
𝐸𝑅=𝐸0𝑅 𝑠𝑖𝑛(𝑘𝑥 + 𝜔𝑡 + 𝜀𝑅)                                                     (Eq. 4.2) 
E=𝐸𝐼+𝐸𝑅                    (Eq. 4.3) 
I=Io cos (
 2 𝜋Ʌ 
𝜆








                                                                                           (Eq. 4.6) 
𝑄′=2πλℎ𝑐/𝑛𝑜Ʌ
2 𝑐𝑜𝑠 Ɵ                                                                      (Eq. 4.7) 





ℎ𝑐=λ/2𝑛𝑜                                                                                            (Eq. 4.9) 
𝑞𝑤 = ( 
𝑚𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑚ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑
) × 100 (%)                                                                (Eq. 5.1) 
 𝑌𝐼=A𝑐𝑜𝑠 2𝜋(𝑣𝑡 +
𝑥
𝜆
)                                                                          (Eq. 5.2) 
 𝑌𝑅=A𝑐𝑜𝑠 2𝜋(𝑣𝑡 −
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|cos2 𝑣𝑡                                                          (Eq. 5.4)      
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𝑟𝑐                                                                                                (Eq. 6.1)                                                                                                                                                          
𝐸𝐼=𝐸𝐼 𝑠𝑖𝑛(𝜔𝑡 + 𝛼𝐼)                                                       (Eq. 6.2) 
𝐸𝑅=𝐸𝑅 𝑠𝑖𝑛(𝜔𝑡 + 𝛼𝑅)                                                                   (Eq. 6.3) 
𝐸2=𝐸𝐼
2+𝐸𝑅
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 This thesis presents an investigation of the use of Holographic direct laser interference 
patterning (DLIP) for nanophotonic applications. Holographic DLIP is a single laser beam 
reflected by a mirror to allow rapid creation of high-resolution multiple laser beams on a target 
substrate. Photonic materials and periodic nanostructures are needed for numerous optical 
applications to become a new, strong path to solve important and challenging problems for 
human needs. Photonic structures can be fabricated by many types of processes; however, most 
of the nanofabrication processes are costly, time consuming and not flexible. Incorporating a 
meniscus lens with laser in front of a holographic Denisyuk reflection mode system was used 
to give three parameters for fabricating, optimizing and producing a rapid and low-cost 
nanostructure on ultra-thin films of metal. On the other hand, the challenge of using thin films 
of metal caused a thickness obstacle for efficient light diffraction from the nanostructure. 
 
Photonic nanostructures of different synthetic dye-based inks were researched to reveal 
different optical properties. The synthetic dye-based media consisted of four ink colours (black, 
red, blue, and brown). Nanopatterning structure were produced by holographic DLIP to form 
constructive antinode fringes of electromagnetic gratings in dye-based inks. A thick 
nanostructure film of material (ink) was generated by multiple laser wave interference fringes 
to form the gratings. Although the four different types of dyes have the same periodicity, they 
produced a distinctive wavelength reliant on diffraction responses to monochromatic and 
broadband light. This occurs as they have different absorption characteristics which allow them 






Contact lenses are one of the global low-cost self-shelf biomedical devices used for vision 
correction. They could be used as quantitative analytical devices. It could be considered as 
highly promising for a point of continuous diagnostics care if nanostructures were united on the 
contact lens’ surface. However, integrating nanoscale features into commercial contact lenses 
to produce low-cost biosensors is a challenge. The holographic interference was applied to 
generate optical patterning nanostructures over the surface of a hydrogel contact lens. The laser 
was able to produce one-dimensional (1D) and two-dimensional (2D) nanostructures on contact 
lenses. The holographic optical properties of these nanostructures were verified through 
different environmental conditions: ambient moisture, fully-hydrated, and artificial tears to 
demonstrate immediate optical alteration of diffraction from 41 to 48 degrees. The formation 
of 2D nanostructures on lenses increased the diffraction efficiency. The holographic laser 
ablation method demonstrated the versatility of 2D nanopattern geometries on contact lenses, 
showing one of the insignificant changes on the contact angle. The holographic nanostructures 
on the contract lens were used to sense the concentration of Na+ ions to simulate the conditions 
in dry eye syndrome; the nanostructures detected the electrolyte concentration changes of (±47 
mmol L-1). Nanopatterns on contact lenses may be used to sense other ocular diseases in the 
early stages at point-of-care settings. 
 
Large constructions, buildings, bridges, and aircraft require structural health monitoring. Due 
to their structural complex systems, extremely large and non-planar surfaces require very costly 
alert systems. The holographic interference patterning mode was utilized to produce another 
non-linear nanostructure via synthetic black dye to make low-cost and highly improved light 
sensing. The Fzp and curved nanostructures were made over a strong adhesion tape’s surface 





and airplanes. Curved nanostructures could provide a strong signal of light to spot a change of 
a single or composite material tear or a building crack. Integration of a nanostructured substrate 
on a tape provides a light, flexible and ductile response to measure any fine change in 
unconventionally shaped structures. In addition, generating 2D distortion nanostructure with 
different sizes could deliver sensing and images at the same time for the target region.  
 




The aim of this PhD thesis is to fabricate low-cost nanostructures for optical applications by 
using holographic DLIP of the Denisyuk reflection mode. The implications of four research 
studies are to investigate the effects of nanostructure spacing, material and shapes in order to 




The thesis’ research confronted a number of challenges. Finding a reliable material and a 
feasible method to control nanopatterning structure spacing were the main challenges. In 
addition, finding the right thickness and type of material which could respond with the 
designated system (holographic DLIP) was a challenging task. Research of a new, efficient 
material which has good optical properties was necessary. Finally, optical nanostructures can 
be used to achieve effective low-cost solutions for some of existing problems. In order to 
achieve the research goals for this thesis, we can arrange the objectives in different stages: 





1- A comprehensive review of the different nanofabrication processes has been conducted and 
it identified the advantages/disadvantages of these processes (Chapter 2).  
 
2- Studying optical factors, nanopatterning, and understanding the nanofabrication 
mechanism (Chapter 2). 
 
3- Selecting a material which has been used in nanotechnology as Au, to repeat-produce 
nanostructures (Chapter 3). 
 
4- Studying the laser wave influence on material thickness and laser wave interference to 
create nanostructures (Chapter 3). 
 
5- Finding the allowable parameters which could manage nanofabrication and optimization 
of the grating geometry (Chapter 3). 
 
6- Creating different 2D nanopatterning shapes and analysing their optical properties 
(Chapter 3). 
   
7- Identifying a new material that could respond to holographic DILP to make nanostructures 
(Chapter 4).  
 
8- Studying optical properties (absorption) of the new nanostructure (Chapter 4). 
 






 (Chapter 4). 
   
10- Demonstrating nanostructure use for biosensors in optical applications (Chapter 5). 
 
11- Generating a holographic curved nanostructure to make a nanophotonic strain sensor for 





This thesis consists of seven chapters and supplementary material.  
 
Chapter 1 includes the research topics covered in the thesis, the project’s aim, objectives and 
the thesis’ structure. 
 
Chapter 2 is a literature review of nanostructure history and other nanostructures. It looks at 
the theoretical background and experimental researches.      
 
Chapter 3 introduces a nanofabrication technique; there are different techniques to fabricate 
nanopatterning, however, they are costly. In this chapter a technique is introduced with some 






Chapter 4 presents different synthetic dye-based inks (black, red, blue, and brown). The 
nanostructure of the four inks has different optical properties.  The thickness of the dyes helps 
to improve the optical dyes’ efficiency. Several experimental investigations on the 
nanopatterning ink dye are carried out to show the advantages of these materials. Finally, some 
of the potential applications are shown. 
 
Chapter 5 introduces the black synthetic dye used to fabricate nanostructures on commercial 
contact lenses. The nanostructure on the contact lenses was able to sense some eye diseases. 
The lens was exposed to different environments (ambient humidity, fully-hydrated with DI 
water, and fully-hydrated with artificial tears) to test the effectiveness and stability of the 
nanostructure.    
   
Chapter 6 describes a technique of using black ink dye to produce a Fresnel zone plate and 
different curved nanopatterning structures. The curved nanostructure was tested to show a 
strong optical application integrated on a commercial adhesive tape for engineering, aircraft 
and human intervention sensing. The curved nanostructure on the tape was tested as a strain 
sensor and for other potential applications. 
 
Chapter 7 discusses the research’s summary and future work; and is followed by the references’ 












This chapter presents a literature review of the history and background of human interest and 
needs in photonic structure. The review regarding some of the lithography methods used to 
produce optical structures is presented in section 2.2. Holographic direct laser interference 
lithography and light response with photonic structure is discussed in section 2.3. Laser wave 
interaction with nanopatterning colour structure and the effect of the patterning’s thickness on 
efficiency are presented in section 2.4. Integrating nanostructures on contact lenses for 
biological sensing application is discussed in section 2.5. Finally, producing optical strain 




Humans have a great interest in natural materials. Engineers have always tried to use existing 
materials to produce substances that have better properties for the desired needs. In optics, 
making a material which can respond with light waves was a challenge. Scientists invented 
photonic materials which have a great response with visible light waves (400 nm-700 nm) over 
a certain frequency, by refracting and guiding them to a specific direction. This light (photons) 
can be used in manipulation and detection through transmission, emission, modulation, 
switching and detecting[1]. In addition, this material performs an important role in optics used 
in many fields, such as telecommunications, laser engineering, information processing, storage, 





imaging and other industries [2-6]. Photonic materials can have different dimensions. It’s 
important to explain one of the main periodic photonic materials which considers light wave 
propagation normal to the interface planes; it is called optical grating. Light within a material 
is no longer just an optical wave field if it enables an optical response to be made on the target 




Spectroscopy is the study of interaction of a material’s composition with the wavelength of 
light. Diffraction grating is one of the significant elements in spectroscopy because it has a 
strong ability to disperse polychromatic light into constituent monochromatic light. Gratings 
are used to determine the life of chemical species in samples. They are also used in 
telecommunication to increase the capacity of fibre-optic networks [8]. An American 
astronomer, David Rittenhouse, was the first to report on diffraction grating in 1785 [9]. In 
1821 Joseph von Fraunhofer began to work on diffraction grating to measure the absorption 
lines of the solar spectre and to derive equations of dispersive behaviour grating. Keeping the 
grating spacing uniform between the grooves has been the main objective to provide a good 
diffraction grating. It was a challenge to produce precision diffraction gratings and it attracted 
much attention from many of the world’s scientists and technicians. Cornu (1893) realized 
groove spacing responded with light [10]. In 1947 Bursch and Lomb developed the first ruling 
engine at the University of Chicago. This engine was originally designed by Michelson in the 
1910s and rebuilt by Gale. It managed a diamond ruler to produce gratings with 20 coarse 





2.2.2-Varied line space (VLS) 
 
Cornu discussed that variations of the groove spacing modified the curvature of the diffracted 
wavefronts. While periodic random variations would produce stray light. He realized that using 
a uniform variation in groove spacing across the grating surface could be used as a function 




Since the late 1960s, the industry has used a mechanical ruled machine to manufacture 
individual grooves by burnishing with a diamond tool. It has been used to manufacture gratings 
of 1000 grooves per millimetre. However, the aberration of ruled gratings was limited due to 
the mechanical motions. Modern industries have more requirements than before, such as speed, 
lower costs, and high precision [12]. In modern days, many tools have been used to make highly 
defined optical structures. There are many different types of lithography, which is the main 
process to reshape optical material structures [13]. 
 
2.2.3.1-Nano-printing through optical lithography 
 
Photolithography is used to transfer a pattern from a mask to a photosensitive layer. Light and 
a mask are used for projecting patterns onto the target substrate surface to sacrifice some areas 
for patterns. As one of requirements in industry is to reduce patterning feature size, this has led 
to using shorter wavelengths as ultraviolet (UV) 365 nm and deep ultraviolet (DUV) from 100 
nm to 248 nm to improve the structure spacing resolution [14, 15]. Usually a patterned mask 





the patterning structure. The photoresist layer can be a mixture of organic compounds in a 
solvent solution. Positive and negative layers could be used. As a UV light is exposed to the 
photoresist layer the bonds of the exposed area break to become soluble and dissolve in the 
developing solution. The remaining photoresist under the mask remains, which is called the 
positive image. While the negative photoresist layer becomes harder as it is exposed to light, 
the rest is dissolved by a chemical developer [16, 17].  
 
 
2.2.3.2-Moulding with UV-curing nano-imprint lithography 
 
A mould with a patterned structure could be used for imprinting in one step. The mould is used 
to deform a thin resist film or an active material on a substrate. The mould material is made 
from hard quartz. The mould is pressed onto the silicon substrate at room temperature to 
transfer the pattern. High UV (400 nm) or thermal energy is used for curing and solidifying the 
imprint pattern, which is called cross-linking [15, 18-20]. After the mould is detached from the 
substrate, dry etching is used for cleaning the remaining layer to complete the process. Dry 
etching could be used on the target area by a bombardment of ions for cleaning [13, 21].  
 
2.2.3.3-Stamping hot embossing nano-imprint 
 
Similarly, a pattern can be transferred in one step by using a mould. A silicon mould is pressed 
into a thermoplastic polymer called poly (methyl methacrylate) (PMMA). The PMMA is 
pressed under a temperature of 200 C and a pressure of 13100 kPa to take the pattern shape. 
When the temperature increases to the target point, the PMMA becomes rubber-like and starts 





into a high mechanical-strength material. Then the mould can be separated from the sample 
and dry etching can be used for cleaning the PMMA residues to complete the process [22, 23]. 
 
2.2.3.4-Electron/ion beam lithography 
 
A pattern mask and a pattern mould are usually fabricated by electron beam lithography. An 
electron beam (e-beam)/ion beam has highly sophisticated and precise nanolithography. Beams 
from electrons/ions are able to generate structures through focus to dimensions within a 
nanometre range and can be used to locally alter material at the point. Both can represent a 
direct nanofabrication tool which could fabricate 3D nanostructures [24]. As it uses electrical 
scanning with a thermometrically monitored mechanical motion, it enables the machine to 
achieve very complex patterns with a high resolution of structure spacing < 5 nm [25-29]. It is 
also considered as one of most successful lithographic techniques to create sub-50 nm metallic 
nanostructures with a great difference in the height-to-width aspect ratio [30]. However, there 
are many disadvantages of using the e-beam. The main cost of the e-beam is very high and it 
also requires expensive maintenance. In addition, high-tech equipment is required to run the e-
beam [31-33]. Moreover, there are many types of materials which are harmed by the high 
energy of the e-beams. The consequence of the high energy can generate heating effects, 
radiolysis and knock-on damage on the material [34-37]. Additionally, to construct an 
unbroken surface structure it requires a long time for a small area [38]. Using the e-beam for 









2.2.3.5-Direct writing by nano/femtosecond laser  
 
A laser pulse induces an interaction of radiation with matter. The incident radiation of a laser 
is used to conduct photons to transfer energy to a material lattice. A nanosecond laser used an 
external energy source to excite atoms from grade state to a higher-level state. Atoms rapidly 
plunge into a metastable level to emit photons and thus excite other atoms to release more 
photons, spontaneously emitted to discharge an intense pulse of light within the nanosecond 
range [40]. Laser spot ablation could be used as a lithography method. The delivered photons 
generate thermal energy to melt, boil and vaporize the material lattice. This electrons’ 
vaporization process is characterized as ablation [41, 42]. The effect of laser fluence 
(energy/area) pulse ablation thresholds is used as a measurement for controlling the ablation 
zone per pulse. Increasing the number of pulses or the energy level would increase the heating 
of the vaporization/ablation for more depth [43]. A femtosecond laser makes limited damage 
on optical surfaces due to a decrease of the pulses’ timespan. It could remove a very small 
range of micrometre diameter, 20 µm to 30 µm, to make better ablation control. Making an 
optical patterning structure would require many incremental single steps of 1 µm between each 
laser pulse to form an optical geometry [29, 44, 45].  
  
2.2.3.6-Laser nano- patterning 
 
Another method involves photographic recording of a stationary interference fringe field. It 
could be considered as one of the advanced processes for creating a mic/nanostructure by direct 
laser interference patterning (DLIP). This method is able to fabricate a periodic patterned 
structure on planar and nonplanar surfaces. This DLIP could fabricate complex patterns with 





of time, of up to several cm2/s using a single, or multiple laser beams. The laser beam can be 
split into two or more coherent laser beams and they intersect with each other to make a 
standing wave pattern in the region of the intersection (Appendix, Figure 2S.1) [12, 46]. The 
DLIP can be used on metals to make a photothermal effect. This type of process involves a 
localized meeting and selective ablation zones of the material at the interference maxima 
positions of the laser waves [47]. An optical system requires strict maintenance of mirrors, 
collimating optics etc. to produce the best contrast and fringe structures through laser 




A single collimated monochromatic coherent light beam reflects back upon itself to make an 
interference pattern; this system is called holographic DLIP [48, 49]. Holographic DLIP 
reduces the cost and complexity of the optics’ set-up to save more time. The generated 
interference pattern on the substrate surface (photoresist) is called holographic grating 
(sinusoidal shape), where the spacing (Ʌ) depends on the angle (Ө) between the substrate 
surface and the plane’s surface. The groove depth (ℎ𝑐) of a holographic grating could be 
affected by the substrate thickness and reflective index of a material(no); while (c) represents 
the speed of light (Eq. 2.1). A holographic DLIP system is able to produce 10,000 grooves per 
holographic millimetre [12]. This system rapidly could create low-cost and flexible optical 1D 
and 2D nanostructures [50]. The rapid nanopatterning structure can be used as an important 










2.2.3.8-Lithography systems’ comparison 
 
The range of lithography techniques are also affected by capital and the cost of the maintenance 
of the tools. There are a large variety of devices that could be used in nanotechnology. Since 
every lithography technique could be affected by structure resolution, shapes, dimensions and 
production rate, it can be classified in general with number and the devices’ classification is 
needed to build a lithography system (Table 2.1). 
 
Table 2.1: Comparison among lithography techniques’ equipment            
















UV source, transparent 











Condenser lens, , 
quartz/silicon mould  
Elastomeric 
elements, source of 
heat, instrument for 
retaining nanoscale 
cleaning 




source, 1𝑠𝑡 condenser lens, 
beam blanker, 2𝑛𝑑 
condenser lens, aperture, 
deflector, final condenser 
lens, interferometric stage, 
PC control set-up 




< 5 nm [29, 56, 
57] 
 
Direct writing by 
nano/femtosecond 
laser 
Laser source, beam 
expander, z-modular, theta 
lens objective lens, 
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2.3-Holographic DLIP and light on grating structure 
 
2.3.1-Electromagnetic waves and holographic DLIP  
 
The term laser, is a short form of (light amplification by the stimulated emission of radiation). 
The radiation is produced from adding an element of neodymium to transparent material to the 
crystal yttrium-aluminium garnet (YAG). The host materials excite the light by emitting 
photons from atoms. These emitted photons have a single wavelength (monochromatic) and 
they move in phase with one another in a narrow range (coherent) [40]. A laser beam has 
standing waves which contain electromagnetic waves and can interact with many types of 
materials [40, 62]. In the late 1800s, J.C. Maxwell provided evidence that the light/laser has 
electromagnetic waves in nature. He generated an equation to explain the relation between an 
electric fields (E) and a magnetic field (H). The two fields have an interdependence relationship. 
Any produced light waves have an E-field and a H-fields and everywhere they are perpendicular 
to each other as time varies. When the sets of E-waves and H-waves constituently propagate in 
one axis, they are considered linearly polarized waves. Wave propagation is called wave plitude 






Figure 2.1: Electric and magnetic waves’ relation 
 
2.3.2-Laser interference   
 
The phenomena of interference depend on one or more beams of a high intensity laser waves’ 
overlap in some region of space (a substrate). The components of any electromagnetic wave 
can be described as scalar on three dimensions at x, y, and z- axes (Ex , Ey, Ez,  Hx , Hy, Hz ). 
The interference could be considered as deriving from the laser beam waves propagation along 
the same line, along the positive x-axis (assume horizontally and parallel) and sharing the same 
common constant plane. It could be described in terms of an E-field component because the H-
field has lower energy than the E-field. As the two waves with the same frequency and speed 
overlap to make the two harmonic waves, they add to each other. The resultant of the two E-
waves field of EI-incident electric wave with E𝑅-reflection electric wave produces a 
superposition wave (Eq. 2.2) (Appendix, Figure 2S.2) [64].   
 𝐸 =  𝐸𝐼 +𝐸𝑅                                                                                                           (Eq. 2.2) 
 
Similarly, if two E-waves of the same frequency propagate in opposite directions, they would 
construct a superposition wave as they overlap. The E-waves are a sine wave and harmonically 




















…..) have the maximum values 
(superposition) and these points are called the antinodes (Appendix, Figure 2S.3) [62]. The 
holographic DLIP used the same method of interference of opposite directions. However, the 
interference could be used at the vertical axis (z-axis). The laser beam propagates through a 
thin film coated in glass and is reflected from an underlying plain mirror which is called the 
Denisyuk reflection mode system (Figure 2.2). The interference can happen when a reflected 
laser beam interferes with the same incident beam waves to make a concentrated energy zone. 
This zone generates interference fringes to make ablation on the target film in horizontal and 
vertical directions. The interference produces constructive interference which allows the node 
of the magnetic field to overlap with an anti-node of the electric field and vice versa [62].    
 
Figure 2.2: Laser light interference in DLIP Denisyuk reflection mode 
 
The superposition wave of contractive interference (anti-nodes) could reach (1/2) the laser 









,..). While the grating fringe could 
be controlled by changing the exposure angle [12, 49]. Further discussion about holographic 







The phenomena of light propagation relates of light interaction with material media. When 
passed through a medium, light velocity depends on the electric and magnetic properties of the 
medium. Light waves can pass in two different media. As laser waves strike against the 
interference separation of the two media, a portion of the incident waves or flux density will 
be diverted back to become reflection waves and the rest will be transmitted across the second 
material boundary as refracted waves (Figure 2.3) [63].  
 
2.3.4-The law of transmission, reflection and refraction 
 
Snell’s law determines incident wave behaviour on the plane of two different interface 
transparent mediums. Frequency harmonic waves represent the number of waves arriving to 
the interface per second, as denoted with 𝑣. The waves could be reflected and transmitted 
waves at different periods to become secondary wavelets; they have the same frequency. The 
elapsed period is t = 1/𝑣. As light waves pass from the incident medium with refractive index 
𝑛𝑖 and transmit to second higher medium 𝑛𝑡, the light waves would diffract. The incident waves 
travel with a speed vi=c/𝑛𝑖; while the speed in transmission medium 𝑛𝑡 is vt=c/𝑛𝑡 and 
because 𝑛𝑡 > 𝑛𝑖 would make vt < vi (Figure 2.2) [65, 66]. If the incident of waves is with angle 
𝜃𝑖 then it generates angles reflection 𝜃𝑟 and transmission 𝜃𝑡. As the transmitted wave has an 
angle, it can be called a refractive wave. It could only occur between two transparent materials 











This produces the law of refraction: 
 𝑛𝑖 sin 𝜃𝑖=  𝑛𝑡 sin 𝜃𝑡                                                                                                  (Eq. 2.4)   
 
Figure 2.3: Reflection and transmission through different mediums 
 
2.3.5-Refraction through an aspherical surface  
 
A lens has an aspherical surface with a radius centre (r) which has a refractive surface; Snell’s 
law gives the principle reason as the change of mediums (air and glass). A lens has two 
radiuses: an inner radius and the outer radius. As a laser point source placed in front of a lens, 
the ray will refract or converge to a distinctive point and then diverge. This distinctive point is 
called the focal point (ƒ𝒍𝒆𝒏𝒔) of the lens. There are further details in Chapters 3 and 6. 
 
2.3.6-Light and diffraction grating 
 
Monochromatic light should be discrete as it reaches a grating surface. Different 





periodic samples as blue a wavelength centre of λ = 450 nm, green - λ = 532 nm, and red - λ = 
635 nm for measurement. This discrete representation responds’ with each groove to form a set 
of diffracted wavefronts. An incident light ray of wavelength is affected by structure grating 
spacing (Ʌ) to be diverted with a diffraction angle (𝛼) (discrete angles). This angle depends on 
whether the light is diffracted on the same side to make a reflection or the opposite side of the 
substrate to make transmission diffraction (Figure 2.4(a-b)) [67].   
 
Figure 2.4: Holographic grating on diffracted incident light of a grating structure by (a) 
reflection, (b) transmission 
 
   
Either reflection or transmission is measured from an incident light wave perpendicular to the 
grating surface. The diffracted orders clockwise from the incident light are called positive 
orders; while the negative orders are considered from counter-clockwise of the incident light 
[50]. Usually the reflection point results from an incident wave of a metal surface [65]. In our 
research, the transmission has been used as the main character of the diffraction measurement 






2.3.7-Light dispersion grating 
 
The primary rule of a grating structure is to scatter or diffract a single wavelength 
(illumination). While if white light is used on gratings, it can be separated into several 
wavelengths. White light dispersion is an important optical property to measure patterning 
structure efficiency. Dispersion can be measured per unit angle or per unit length [12, 68]. A 
customized set-up has been used in our research on different types of structures (Chapters 3-
6). 
 
2.4-Colour material and film efficiency 
 
2.4.1-Colour material 
     
Living creatures in nature have a wide variety of attractive photonic structures, which have 
distinguishable roles to confine light and to reflect specific visible colours [69, 70]. It has 
inspired the development of different nanostructures for diverse types of optical colouration 
[71, 72]. Optical nanostructures in nature can be replicated to be used in optical applications 
[73]. This means nanomaterials which can produce colouration from different surfaces is 
extremely desirable for some applications. The colourization of nanomaterials can be 
miniaturized for multifunctional optoelectronic devices. Nanostructural materials can be 
produced by a variety of advanced methods. Metallic nanostructures which could generate 
subwavelength structures are able to develop a strong reflection of color.  The metallic 
materials have a high refractive index, which makes the nano-metallic structure durable and 
generate stable colours [74-76]. Nanoparticles from latex polymer particles also have very 





be produced as independent patterned structural colours which have good wavelength 
reflectance. They also can have various shapes, and chemical and physical properties to make 
them easily fabricated and modified. They are deposited in micrometre quantities and assemble 
as a unit by inkjet printing. They could be arranged as a three-dimensional dielectric structure 
to make a photonic band gap [77, 78]. This allows them to be used in semiconductor 
microelectronic and plastic electronics to produce high performance devices for medical and 
industrial technology applications [79]. Silver nanoplates (SNPs) are another colour type which 
can be produced on a large-scale and are assumable as metallic film for tuneable plasmatic 
properties. Monolayer metallic ultra-films (8-20 nm) could be used as surface plasmon 
resonance and tuned to a selected wavelength range of 500-800 nm.    Excitation of the metallic 
nanostructure can induce incident light to lead to great optical local–field enhancement to make 
effective wavelength-photon scattering [80]. This generates the ability of controlling and 
manipulating light to be used on sensors [77]. In addition, blue phase liquid crystal (BPLC) is 
composed of uniform lattices which can be rearranged to desired directions to use them on 
photonic applications. Liquid crystal (LC) is soft matter placed in the order of 3D cubic 
architecture, which has dimensions of a few hundred nanometres. The BPLC also has a 
sensitive response which is stimulated with temperature, electric fields, and light irradiation. 
Micropatterning of a crystallographic direction could be arranged in a uniform orientation to 
reflect different colour and temperature change [81-83]. Laser pulses induce transient local 
heat which leads to melting and reshaping to form nanostructures. Controlling laser power, 
spot size and frequency, besides the spot location, would manage to reach the target nanoscale 
[84]. The nanometre-size features could be used as plasmatic resonances leading to different 
visible colour [85]. Colour nanostructures could be generated by holographic DLIP for low-








Holographic DLIP set-up requires material substrate film thickness which could allow laser 
waves to pass through it and reflect to produce a holographic pattern structure. Thin film 
material is usually used for laser interference, to generate the thin grating of amplitude 
transmittance [68, 86]. On the other hand, thick metal film would not allow a laser pulse to 
transmit for ablation in holographic DLIP system. Amplitude grating could also generate a 
nanopatterning structure which is described as an absorption coefficient. Although sinusoidal 
thin gratings have good transmission of diffraction grating efficiency, a sinusoidal absorption 
grating has better efficiency [87]. The diffraction efficiency of the grating was considered to 
come from the well-defined structure spacing, which is able to interact with incident light to 
diffract intense and visible order points (Figure 2.5). Efficiency is influenced by wavelength 
and is considered an important characteristic of diffraction grating quality (Table 2.2). It is 
desirable to achieve a high-efficiency grating because it is a measure of good structural lines 
on optic spectra [88]. It also implies that higher diffraction energy means lower stray light. It 
would be practical to consider five domains of sinusoidal-groove gratings, progressively 
increasing in modulation efficiency (µ) [12].  
 
Figure 2.5: The thickness of sinusoidal grating structure influences the diffracted order 





µ=ℎ𝑐/Ʌ                                                                                                                        (Eq. 2.5)      
 
Table 2.2: Grating efficiency range 
    
  Holographic dielectric nanostructures from low-cost medium with high absorption would 
provide a great example of good efficiency [89]. They would provide a degree of phase shift 
based on a change from material refractive index. When the waves pass through the incident 
medium due to refraction there is a phase shift for the transmit wave. The dielectric material 
can be effective as an absorption constant, which can help to propagate a light wave through 
boundary conditions at the entrance surface of the medium. Knowing the medium thickness 
(ℎ𝑐), wavelength (λ), the average refractive index (no), and the grating spacing (Ʌ), the 
diffraction could be calculated more precisely [90]. Four synthetic film dye-based inks (black, 
red, blue, and brown) have been used to measure different optical properties of 1D 
nanostructures (Chapter 4). 
 
2.5-Biosensor contact lenses 
 
 Holographic DLIP reflection mode can be used for the adoption phenomena of black dye to 






2.5.1-Selecting contact lens 
 
A number of ocular diseases are associated with increasing medical services’ costs. Some of 
these diseases affect near-sightedness or far-sightedness and they alert the patients to have their 
eyes examined [91]. However, there are some diseases which are the leading causes of 
blindness among working age adults, but are not checked in the early stages. Edema, graves’, 
glaucoma, dry eye syndrome are some of the common diseases that affect a large number of people 
in the world [92-95]. Millions of people around the world suffer from dryness which usually starts 
as discomfort but can lead to blindness. There are many engineering solutions to solve the problems 
[96, 97]. A non-invasive technique is needed to make a continuous monitoring sensor. Tear fluid 
could be considered as an important external fluid to measure some significant levels in ocular 
diseases [98]. A contact lens is a small optical system placed directly on the cornea. Most contact 
lenses are made from a soft material composition to interact with tear film [99]. It could be used as 
a measurable device for care diagnostics if nanostructures are integrated on the surface to 
become biosensors. Different types of contact lens could be purchased from local markets. 
Studies on about 10 types and from five manufacturers of contact lenses have been carried out to 
measure surface roughness and the swollen state (Table 2.3) [100]. Surface roughness (𝑅𝑚𝑎𝑥) and 
water quantity or the swollen state ( 𝑞𝑤) have an important role in the comfort of lens wearing. 
Surface defects or poor wettability on any contact lens can cause irritation in the cornea. As 
the equilibrium content of water decreased the value of the surface roughness increased [101]. 
The 𝑅𝑚𝑎𝑥  range 13-40 nm is considered as very high and a lens with a smooth surface should 
be below 5 nm. Acuvue Advance could be considered as a good lens even though its swollen 







Table 2.3: Contact lens roughness and water content comparison [100]. 
 
 
2.5.2-Nanostructure on contact lens and hydrophobicity measurement 
 
Integrating nanostructures in soft contact lenses represents an essential challenge. There are 
different nanofabrication methods which could be used as in sections 2.2.3.1-7. A holographic 
laser ablation method could be the best for integrating low-cost optical nanostructures on 
contact lenses (further discussion in Chaptre 5). Making nanopatterning structures on a contact 
lens’ surface could increase the hydrophobicity or contact angle and this could decrease the 
lens’ softness. As the hydrophobicity is considered important, its range and the methods have 
to be addressed for measurement. The hydrophobicity range of water adhesion tension is based 
on the contact angle (Ɵ) measured between the hydrophilic and hydrophobic conditions. In 
hydrophilic conditions the water droplets spread over the material’s rough surface with a contact 
angle of around zero. In hydrophobic conditions the water droplets become unstable on the 








Table 2.4: Contact angle range 
 
Three contact angle measurement techniques could be used (sessile drop, captive bubble, Wilhelmy 
plate). A study has shown  the sessile drop technique to be more effective and practical for contact 
lenses [103]. The sessile drop uses a syringe to place a drop of liquid on the lens’ surface. It has 
many advantages, as it is fast, easy to carry out and it could be performed on static and dynamic 
contact angle measurements (Chapter 5).  
 
2.6-Nanostructure for sensing and imaging 
 
Fresnel zone plate and distortion structure patterning structures could be produced by 
holographic DLIP reflection mode. This project discusses the use of patterning structures to 




Buildings and bridges are subjected to environmental change, especially in hidden areas which 
could damage the main supported construction. Strain sensors are needed as an alert system for 
structural damage in civil engineering and aerospace. They could be used for monitoring the 
structural health condition [104]. Many types of strain sensors could help in large deformation 





dynamic loads. Recently, some MicroStrain miniature strain sensors have been used to improve 
public safety. They use wireless embedded nodes on a large concrete bridge structure to provide 
wireless monitoring [105]. Similarly, non-destructive testing (NDT) techniques enable the use 
of current technologies to inspect bridge cables by robot. This technique uses high frequency 
sound waves to capture the reflected signal to detect cracks in the wires in the cables [106]. 
 
Fibre Bragg grating (FBG) is considered as one of the important strain sensors for air planes. 
It is used in aircraft because it helps to decrease maintenance efforts with low additional weight. 
It is distributed in a composite structure, similar to a human neural network. The FBG has been 
also used in health systems for bridges, and for monitoring dams. It measures a reflected change 
of wavelength or modulation of the refractive index from the grating, as an effective response 
of expansion and compression [107, 108]. Other types of strain transducers could sense large 
deformation. The Huper-Stratchable sensor uses a piezoelectric sensor made from PVDF 
nano/microfibres. It is capable of adapting to curved surfaces and withstanding high strain 
levels. It could measure along the x-direction with an average tensile speed of 20 mm/s [109]. 
Similarly, capacitive microelectromechanical strain systems and 3D acceleration sensors are 
used to measure the seismic response in a building. They are considered as low-power 
consumption MEMS wireless strain sensors for monitoring civil structures. They can measure 
plastic hinge activity and settlement with a range of > 1 km. A microelectromechanical sensor 
is able to report a displacement of +/- 5 mm; while an accelerometer strain sensor is capable of 
reporting a vibration acceleration signal of 0.2 m/s2 [24]. 
 
Optical nanostructures could be used to make low-cost, feasible and high-response strain 





surfaces [110, 111]. Modification of patterning structures could provide a non-linear response 
to adapt unconventional surfaces with a defined level of sensing. Displacement of grating lines 
would introduce arbitrary light wave shifts to form strong zero/non-zero orders (non-linear ) as 
Fresnel zone plate (Fzp) and distortion structures; they could manipulate light with high 
efficiency for use in sensing [112, 113]. 
 
2.6.2-Fresnel zone plate lens and distorting patterning fabrication methods 
 
The Fzp is thought of as an attractive device in photonics, which is used for focusing. The Fzp 
is constructed from multiple rings with a certain radius. They are repeatedly arranged as opaque 
and transparent circles. The arrangement of the rings would diffract to the focal point. The 
focal point is described as where light wave rays would converge towards a certain point or 
converge from it [62], and the Fzp focal point could be used for sensing and imaging [113, 
114]. It could be fabricated with different techniques such as the ion/e-beam, femtosecond 
laser, photomask and others [115-117]. Another non-linear patterning structure is called the 
curved structure. This patterning is made similar to the grating structure; however, it has a 
distorted or curved lines’ structure. The curved lines result from a quadratic displacement. The 
Fzp is caused from a group of circles; while the quadratic distortion is produced from arcs of 
circles (Chapter 6). The distorted lines’ pattering structure is also able to interact with light to 




Using the Denisyuk reflection mode system enables us to produce two types of structure: Fzp 





a straight lines’ grating structure based on laser beam reflection interference (Fig. 2.2). 
Replacing the flat mirror with a concave mirror could affect the reflective laser wave phase; 
the concave mirror has a semi-sphere surface shape and would change the refection waves to a 
quadratic waves. If the laser pulse is aimed at the mirror axis, it would generate an Fzp 
structure. An arc-circle structure would be produced if it reflected from the mirror off the axis. 
The reflected waves ( quadratic waves) are considered as  non-linear waves which interfered 
with the coming waves to form the Fzp or distortion structure [118, 119]. If the Fzp and 
distortion patterning structures are integrated on an adhesive tape, they could be used on 






















Chapter 3: HOLOGRAPHIC DIRECT PULSED LASER 
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Laser interference lithography involves removing a very precise area of a material to reshape 
it for use in nanotechnology applications. Several methods could produce patterned nanoscale 
structures; however, many of them are expensive and require a long period of time. The 
fabrication technique of the laser holographic Denisyuk reflection mode (holographic DLIP) 
could be used to generate nanostructures on various thin films. The process is considered as 




Photonic materials and periodic nanostructures have a numerous of applications in sensing, 
spectroscopy, telecommunications, and security industry [2-5]. Photonic structures can be 
fabricated by many advanced processes that may achieve resolution down to 10 nm; however, 
achieving precise and uniform structures require sophisticated equipment and time consuming 
fabrication processes[31, 32]. Bottom-up fabrication of photonic crystals through self-assembly 
involves ion depletion of highly-charged particles from the solution requiring lengthy dialysis 
times[38]. Similarly, top-down fabrication of nanophotonic devices through e-beam writing 
over 1 cm2 can take from hours to days to complete [39]. Hence, there is a clear need to develop 
low-cost fabrication techniques to rapidly fabricate large area periodic nanostructures with high 
resolution. Laser ablation compared to lithography/e-beam milling for  fabrication of  
micro/nano structures is known as a faster method, moreover,  it requires less number of 
processing steps[120, 121]. Laser ablation has been utilized to create optical devices operating 
in the visible region[122, 123]. Direct laser writing procedures have low energy requirements 





dimensional  2D nanostructures[124, 125]. In particular, creating 2D structural gratings with 
high-resolution is highly desirable for optical applications including lasing, biosensing, and 
spectroscopy[126]. Likewise, direct laser interference patterning (DLIP), where single laser 
beam is split to produce interference of multiple laser beams on a target substrate, is capable of 
rapidly generating 2D nanopatterns. However, it has the disadvantages of requiring complex 
optical setups and precise control over system parameters, which increase the cost. Combining 
the advantages of DLIP with holographic DLIP can reduce the cost and time. Holographic DLIP 
involves an original laser beam reflection mirrors to allow rapid creation of high-resolution 1D 
and 2D surface gratings[3, 4]. 
 3.3-The mechanism of surface grating 
 
We previously described a laser patterning technique to create 1D ink gratings using a 
holographic patterning system[124]. The interference of laser light in a multilayer field allowed 
the ink to be ablated in antinode (constructive) regions of a recording medium[3]. The 
utilization of this approach created 1D parallel and radial gratings[4]. However, the effect of 
patterning parameters on the formation of surface gratings was not studied. In addition to the 
interference pattern geometry, understanding the mechanism and the effect of optical factors 
such as interference angle and superposition of the interference waves in the creation of gratings 
will allow controllable fabrication and optimization of the grating geometry. Also, the ability 
to rapidly fabricate surface gratings in 2D patterns remains elusive with this approach.  
 
Here, we demonstrate the holographic DLIP strategy for rapid fabrication of 2D nanostructures 
at low cost. A pulsed nanosecond (ns) laser in holographic Denisyuk reflection mode was used 





a highly-intense pulse, which created an interference pattern to ablate localized regions in the 
metal layer. We demonstrate this fabrication technique to tune the parameters in order to control 
the geometry and spatial periodicity of 1D and 2D gratings in squares and rectangular 
(parallelograms) arrays. Light diffraction from the 2D nanostructures was spectrally analyzed 
and angle-resolved measurements were performed to characterize the fabricated gratings. 
 




Figure 3.1a shows the schematic of the hologram recording setup in Denisyuk ablation mode. 
The laser reference beam initially passes through a meniscus converging lens to be focused 
(focal length ~ 8.55 cm) then it defocuses to form diverging beam. The lens increases the size 
of beam after the focus point as it moves in the z-axis (vertical) and the ablated spot diameter 
in Au film expand. The focal point (ƒ) of the lens is: 
1
𝑓









)                                                        (Eq. 3.1) 
where  𝑟𝑖   is the inner radius, 𝑟𝑜 is the outer radius, n is the reflective index, and d is the lens 
thickness. The reference beam propagates through the thin metal film and is reflected from the 
underlying mirror. The reflected laser beam (object beam) interferes with the reference beam 
to create concentrated energy zones (interference fringes) in horizontal and vertical directions, 
ablating the thin film at energy-concentrated antinode regions (constructive interference). The 
interference caused by the nodes of magnetic field overlap with antinodes of electric field. The 
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                                                            (Eq. 3.3) 
𝐸𝑧 = 𝐻𝑧 = 0                             (Eq. 3.4) 
𝐻𝑥 = −2𝐴𝑦  𝑛1 [ cos(
𝜔𝑧
𝑣1
) ]𝑒−𝑖(𝜔𝑡)                          (Eq. 3.5) 
𝐻𝑦 = 2𝐴𝑥  𝑛1 [ cos(
𝜔𝑧
𝑣1
) ]𝑒−𝑖(𝜔𝑡)                           (Eq. 3.6) 
where A, 𝜔, t, and 𝜆𝑜 represent axis plane, angular velocity, time, and wavelength, respectively. 










Figure 3.1: Fabrication of 1/2D patterns through nanosecond laser light interference in 
holographic DLIP Denisyuk reflection mode. (a) Nd:YAG laser beam (3.5 ns) propagates 
through a converging lens and reflected back from a plane mirror to ablate the localized regions 
of the recording medium (metal film). 
 
The experimental periodicity (Λ) can be calculated from counting the average of ten structure 
lines on the optical microscope surface images. However, the theoretical periodicity cannot be 





3.4.2-Computational modelling of the focused beam interference 
 
To understand the optical interference-induced patterning with 1064 nm focused beam (through 
biconvex lens), which produce a grating in the Au film, computational modeling was performed 
using COMSOL Multiphysics simulation package based finite element method (FEM)[127, 
128]. Scattering and periodic boundary conditions were set to define the interference pattern. 
The computational area was created with triangular meshing elements. The maximum degree 
of freedom was ~126,884. Completed mesh consisted of 17,963 domain elements and 1,183 
boundary elements. Convergence test was carried out with fine mesh elements for improving 
the result accuracy[129]. 
 
Figure 3.2a illustrates the computation geometry and E-field intensity distribution for the 
focused laser beam interference. The normalized intensity profiles were computed for the tilted 
observation plane angle variation (θ= 30° and 45°). Peak distance decreased with larger tilt 
angles (Figure 3.2b). Figure 3.2c-d shows focused beam inference arc length or structure 
spacing (Λ) as a function of tilt angle of observation plane (θ) and distance variation (Figure 
3.2d). As tilt angle of the observation plane increased, the interference spacing shifted to lower 
values. Similarly, the distance was varied to compute interference spacing. As the distance 
between mirror and observation plane increased, the interference spacing increased linearly. 
Hence, a 2D simulation was performed for the computation simplicity, reduce computation time 
with a μm range simulation domain that was smaller than the experiment. In addition, 
simulations at different wavelengths were performed. Figure 3.2e is showing interference nodes 








Figure 3.2: FEM modelling of the focused beam interference(a) Computational geometry for 
the focused laser beam interference and its 2D intensity distribution. (b) Normalized intensity 
profile plotted for the focused laser light interference at planes of 30° and 45°, respectively. (c-
d) Focused beam interference spacing as a function of distance between mirror and the 
observation plane (d) and tilt angle (θ). Inset shows normalized intensity profiles as a function 
of arc lengths. (e) Grating spacing as a function of wavelength. 
 
 
3.4.3-Diffraction grating and 2D patterns fabrication 
 
An Nd:YAG laser beam (λ=1064 nm, 3.5 ns pulse) with a single pulse energy on the order of 





patterned through controlling the tilt angle with respect to the surface plane of the mirror to 
create well-ordered gratings with different periodic spacings at each angle. Figure 3.3a-c shows 
the microscopy images of Au-Ti surface gratings with varying periodicity based on the tilt 
angle (θ). The periodicity of the grating was 7.7 μm when the tilt angle was 6° (Figure 3.3a); 
and as it increased to 15°, the periodicity decreased to 3.28 μm (Figure 3.3b). This approach 
allowed for creating highly-controllable gratings having a periodicity of ~980 nm at a tilt angle 
of 45° (Figure 3.3c).  
 
The effects of the laser writing parameters on the grating formation were experimentally studied 
(Figure 3.3d-f). The tilt angle varied between 0° and 45°. Since the beam was not collimated, 
reducing the two parameters, height, h (lens - recording medium) and distance, d (sample - 
object), also contributed to decreasing the grating spacing (Figure 3.3e-f). The tilt angle 
variation had the highest impact on decreasing the grating spacing; and by using the three 
parameters together, the gratings were controllably fabricated and optimized. 
Further studies were done on 25 nm Au coated samples. The pulse energy was varied from 
30 mJ to 330 mJ and more details of the energy selection are found in the Appendix, (Figure. 
3S.5-7). It was found that by increasing the energy, the width of grating bars were decreased 
which is due to more material ablation caused by more pulse energy delivered to the substrate 
(Figure 3.3g). The optical microscopy images of structures made by 330mJ are shown in (Figure 
3.3h-i). Additionally, the number of consecutive pulses at same region was altered form (3.3j-
l). By increasing the number of pulses, negligible changes in grating spacing were observed. 
However, it was found that the width of periodic grating bars is reduced, possibly again due to 
more energy deposition and further ablation. This three parameters optimization of structure 






Figure 3.3: Microscopy images of the Au-Ti surface gratings fabricated by holographic DLIP. 
(a) Grating with periodicities of 7.7 μm, (b) 3.28 μm, and (c) 960 nm. The effect of changing 
(d) tilted and modelling angles, (e) mirror-sample distance, and (f) laser beam-sample distance 
on grating periodicity. (g) The effect of changing energy on grating bar width. Microscopy 
images of 25nm Au sample produced with (h) energy of 90mJ and periodicity of 1.4μm and 
with (i) energy of 330mJ and periodicity of 1.3 μm. (j) The effect of altering number of pulses 
on grating periodicity. Optical microscopy images of grating made with 330mJ energy at (k) 3 
and (l) 4 Hz. (scale bar = 5 μm)  
 
   
2D periodic Au nanostructures were also fabricated by exposing the recording medium to 
multiple beam pulses. After the first exposure (1D grating formation), the sample was rotated 





varying the rotation/tilt angles, structures with square and rectangular (parallelogram) arrays 
were produced. Figure 3.4 illustrates the fabricated structures in 25-40 nm thick Au films. 
Figure 3.4a shows 25 nm 2D pattern of square arrays (90° rotation) with dimension of each 
square near 640 nm × 640 nm produced at a tilt angle of 30° and figure 2.4b produced at 
different parameters. This smallest feature size and grating distance was achieved by optimizing 
the three parameters [3, 130]. Figures 3.4c and 3.4d show a 40 nm thick array of squares (2.98 
µm × 3.04 µm) and rectangles (5.8 µm × 950nm). 
 
 
Figure 3.4: 2D Au square arrays fabricated by holographic DLIP. Arrays of 25 nm thick (a) 
squares (640 nm × 640 nm) and (b) parallelograms (2.4 µm × 1.8 µm). Arrays of 40 nm thick 
(c) elongated squares (2.98 µm × 3.04 µm) and (d) parallelograms (5.8 µm × 950 nm). (scale 
bar = 10 μm) 
 
3.4.4-Optical characterization of the gratings  
 
The diffraction of light from 2D arrays was analyzed by normally illuminating the periodic 
samples with a red laser beam (λ = 650 nm) and observing the transmitted light on a 





nm) produced a diffraction pattern consisting of four first order spots, with a distribution along 
the horizontal and vertical axes (Figure 3.5a). The angular distribution of the spots was 
measured to be ~40° with respect to the undiffracted light source (zero order in the centre). The 
optical measurements of diffraction were consistent with four spots locations on horizontal and 
vertical axes. Gratings having small periodicities resulted in first order diffraction only and 
large diffraction angles on both axes. The diffraction from a rectangular (parallelogram like) 
array (2.4 µm × 1.8 µm) produced horizontal axis spots at 10° and 24° for first and second 




Figure 3.5: Diffraction of monochromatic light λ = 650 nm from 2D nanopattern arrays. Light 
diffraction from (a) squares (640 nm × 640 nm), (b) rectangles (2.4 µm × 1.8 µm) (c) rectangles 
(parallelograms) (5.8 µm × 950 nm) ), and (d) squares (2.98 µm × 3.04 µm),. Angle-resolved 
measurements of diffraction intensity for the diffraction patterns shown in (a-d) respectively. 








An increase in the array periodicity size decreases the diffraction spot angles; however, it was 
also associated with an increase in the number of diffraction orders (Figure 3.5c-d). The 
diffraction patterns produced for the elongated square (2.98 µm × 3.04 µm) array sample 
showed three orders (10°, 23°, and 33° horizontally; and at 9°, 20°, and 27° vertically) along 
each axis. Finally, the interesting results for rectangles (parallelograms) (5.8 µm × 950 nm) in 
Figure 3.5d show that by having none uniform periodicities (in the two axis) customised 
diffractions can be produced. The results also show that change in the recording medium 
thickness is a crucial factor for the required diffraction efficiency of optical applications. As the 
Au thickness of patterns increased from 25 nm (Figure 3.5a-b) to 40 nm (Figure 3.5c-d), the 
intensity of the light diffraction spots also increased[130]. Therefore, both the grating spacing 
and the thickness of the material influenced the characteristics of light diffraction.  
 
Angle-resolved measurements were used to analyze the diffraction efficiency of 2D gratings 
using a halogen light source (Ocean Optics HL-2000). The transmission from the square and 
rectangular 2D structures generated four visible rainbow patterns. These 25 nm thick Au 
patterns were analysed in the horizontal and vertical axes. The optical light intensity 
measurements were conducted on each sample perpendicularly placed 13.5 cm away from the 
light source. The light diffraction from the 2D samples was spectroscopically analyzed using a 
motorized rotation stage (Figure 3.6a). The stage rotated from -90° to 90° with 1° step 
increments. This measurement was repeated for each axis to record the distribution of the 






Figure 3.6b shows angle-resolved measurements of rectangular arrays from 6.5° to 10° from 
the normal within a spectral range from 450 to 900 nm. The rectangular structure diffracted 
light at wide bandwidths of 450 nm and 400 nm on horizontal and vertical axes, respectively 
(Figure 2.6b-c). 
 
Figure 3.6c shows the vertical axis wavelength spectrum, covering a range from 8.5° to 13.5°. 
The transmitted light intensity distribution of diffracted light through a square grating in both 
axes is less than elongated-rectangular arrays. Figure 2.6d shows the diffraction of light through 
a square array measured from 29° to 41°. The highest transmitted light intensity in the x axis 
(~3900 au) was from 580 nm to 640 nm. However, in vertical axis shown in Figure 2.6e, the 
wavelength range was from 470 nm to 740 nm from 29.5° to 39.5°. The maximum light 
intensity of the vertical axis was ~2600 au. The transmitted light intensity for the square array 
was ~3900 au and ~2600 au on the horizontal and vertical axes, respectively. The square pattern 






Figure 3.6: Angle-resolved measurements of the diffraction pettering fabricated via 
holographic DLIP. (a) The spectroscopy system contains a white light beam that passes through 
a 2D metal film sample on a motorized stage. (b) Transmission spectra of 25 nm thick 
elongated-rectangular array (2.4 µm × 1.8 µm) x axis and (c) y axis. Transmission spectra of 








Holographic DLIP has many advantages which allow substantial improvement in the 
production process, offering low cost, fabrication flexibility and simple setup as compared to 
other nanofabrication strategies. The present holographic DLIP strategy can generate 1D 
gratings with single pulse (nanosecond range) and create 2D patterns by multiple pulses to 
achieve highly controllable nanoscale arrays. Grating spacing was controlled by varying the tilt 
angle with respect to the object surface plane. In addition, adjusting the distances between the 
laser-source-mirror also enhanced the control over the grating periodicities. The three 
parameters controlling the structure spacing (Λ) are optimized and it is a repeatable process. 
Controlling these parameters allowed the creation of accurate 2D holographic nanostructures. 
The fabricated Au structures were 2D square and rectangular arrays having thicknesses of 25 
nm and 40 nm. Angular-resolved measurements were used to investigate the diffraction 
characteristics of the 2D gratings produced. Increase in the grating distance also increased the 
number of visible diffraction orders. A variety of grating shapes, periodicities and the tailored 
optical effects were rationally designed and characterized. Additionally, the diffracted light 
efficiency was observed to increase with the Au film thicknesses. The fabricated 1/2D 
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Different synthetic dye-based inks consisting of four ink colours (black, red, blue, and brown), 
which have different absorption light profiles, were used to fabricate nanostructures with a 
holographic ablation based on direct laser interference patterning. Several lasers beams will be 
made to interfere with one another to produce interference patterns containing nanoscale 
fringes to create high and low intensity regions. A laser in holographic Denisyuk reflection 
mode was used on thick films of material (ink) to make interference fringes’ gratings structures. 





Nanofabrication techniques such as electron beam lithography (e-beam) or Focused Ion Beam 
(FIB) milling can produce meticulous nanostructures with 2-5 nm resolution [28]. However, 
they require high-power energy supplies, have long production times, and involve complex 
setups and equipment [131-134]. In addition, they are not amenable for a variety of materials 
which can be directly processed [49]. Coloration of different nanomaterials as metasurfaces is 
highly desirable to produce multifunctional and miniaturized optoelectronic devices. These 
devices may comprise metallic nanostructures with high polarization-independent reflection, 
strong contrast, fast response time, and long-term stability. In addition they may have 
controllable optical absorption of a nanostructured polymer film to diffract light[135]. 
However, these devices require layers with specific arrangement as short-range ordered 





used in reflection mode [84, 136]. Nanoparticle (NP) assemblies can also be used to create 
functional optical/electrical devices for sensing, electronics, displays, and catalysis. 
Sophisticated design patterns, high intensity and wide angle-independent structural colors are 
the key features of the NP-based optical devices. Ejecting ink from the nozzle, wetting, and 
sputtering, spreading, and retracing processes can affect the precisions of the final structure of 
the printed nanostructures [77, 137]. The localized surface plasmon resonance of silver 
nanoplate (SNP) substrates can be tuned from 500 to 800 nm in the visible spectrum. These 
devices have selective optical absorption and scattering behaviour based of specific 
nanoparticle sizes. However, they required complex chemical syntheses processes. Moreover, 
the colours of silver films lead to strong electromagnetic scattering [138]. Cubic liquid-crystal 
structures have been developed for electronic and photonic applications [139]. Many advanced 
reflective photonic applications could be achieved based on the patterned crystallographic 
orientation of the cubic soft lattice of a blue phase liquid crystal (BPLC). The BPLC could be 
produced with UV irradiation and photomask which are complex and high cost [139, 140]. In 
addition  photolithograph has been widely used to make various nanostructures for optical 
devices operating in the visible region [141, 142]. However, using pulsed laser ablation 
required low energy and rapid production [143, 144]. Recently, direct laser interference 
patterning (DLIP) has been used to produce nanostructures in thin materials. Such 
nanostructures can be patterned into 1/2/3D geometries [48, 50, 51, 145], and complex patterns 
such as Fresnel lenses and filters [48, 49, 145]. The expansion of this platform to a wide range 
of low-cost materials is highly desirable for large-scale production.  
 
Here, a holographic ablation based on a direct laser interference patterning method rapidly 
produced low-cost optical nanostructures. A Nd:YAG laser (532 nm) was used in holographic 





of 532 nm was selected because its abortion is better for the target material. It was utilized on 
different synthetic dye-based inks, which have different optical properties, to produce 1D 
photonic nanostructures. Tested ink media consisted of four ink colours (black, red, blue, and 
brown). Holographic DLIP allowed forming constructive antinode fringes of electromagnetic 
field from the standing wave to create gratings in dye-based inks. Using thick film of material 
(ink) causes multiple laser wave interference fringes to form the gratings. A thick amplitude 
grating invariably describes an absorption grating. Usually a thick holographic grating can be 
expressed as a sinusoidal absorption grating and it has different characteristics of diffraction 
compared to conventional gratings with sharp edges. This is because the shape and the 
thickness of the recording medium influences the transmission profile [146, 147]. Such dye-
based ink gratings can be used in a myriad of devices to produce light deflection, guidance, or 
coupling. In the present work, the nanostructures based on the four dye-based ink gratings have 
been spectrally analyzed and angle-resolved measurements were performed to characterize 
their optical properties. This is the first demonstration of laser based nanopatterning of multiple 
ink formulations and their usage for wavelength dependent optical devices. The work 
demonstrates the possibility of nanopatterning organic and florescent materials which cannot 
be processed through methods such as photolithography and electron beam lithography. 
 
4.3-Materials and methods 
 
4.3.1-Preparation of the ink recording media 
 
 Black, red, blue and brown ink colours (Staedtler Lumocolor) have refractive indexes of 1.6, 
1.65, 1.59 and 1.62 respectively. Diluted ink solutions (1:8, v/v in ethanol) were spin coated on 





durability. The glass slide has refractive indexes of 1.5 and it contributed to the total refractive 
indexes of each ink colour. 
 
4.3.2-Fabrication of the diffraction gratings in ink 
 
Holographic direct laser interference patterning was used in Denisyuk reflection mode. Laser 
beams (λ=532 nm) initially directed by a mirror travelled to an ink-based recording medium 
and reflected from a plane mirror to ablate the localized regions of the medium. The exposure 
angle of all ink films was set to 18° from the surface plane of the plane mirror (object). 
 
4.3.3-Spectroscopic measurements of the ink gratings 
 
 The diffraction of light from 1D gratings of the four inks (black, red, blue and brown) were 
analyzed by normally illuminating the periodic samples with violet (λ = 405 nm), green (λ = 
532 nm), and red (λ = 635 nm) laser beams and observing the transmitted light perpendicularly 
on a flat screen, placed 17 cm away.  
4.3.4-Angle-resolved measurements of the gratings 
 
 A halogen light source (HL-2000, Ocean Optics) and a goniometer setup were used to carry 
out angle-resolved measurements of the diffraction efficiency of the ink gratings. Diffraction 
spots from the ink nanostructures were analyzed in transmission mode. Each sample was placed 
17 cm away from the optical probe to analyse the diffraction wavelengths. A motorized rotating 
stage was used for broadband spectroscopic analysis of the rainbow diffraction through the 





4.4-Results and discussion 
 
 
4.4.1-Holographic fabrication of 1D nanostructures 
 
Figure 4.1a shows the diagram of the hologram recording setup in Denisyuk ablation mode. 
The laser beams initially directed by a mirror travelled to an ink-based recording medium and 
reflected from a plane mirror to ablate the localized regions of the medium. To form the 
gratings, four dye media were used: black ink (a combination of blue, red, and yellow dyes) 
(Figure 4.1b), red ink (Figure 4.1c), blue ink (Figure 4.1d), and brown ink (a combination of 
green, yellow, and red dyes) (Figure 4.1e). 
 
Figure 4.1: Fabrication of 1D patterns through nanosecond DLIP in holographic Denisyuk 
reflection mode.(a) Nd:YAG laser beam (532 nm, 3.5 ns) was directed to a dielectric mirror 
and passed through a dye-based ink medium and reflected back from a plane mirror to ablate a 
localized region of the recording medium. Four dye-based ink mediums are (b) black, (c) red, 
(d) blue, and (e) brown. The light transmission measurement for each medium added on each 
colour. (scale bar = 200 μm) 
 
A halogen light source was used to analyze the transmission of each ink-based recording 





wavelengths from 380 nm to 740 nm. For thick materials, the recording media could be 
described in terms of light absorption percentage (Absorption %= 1-Transmission %). The 
black ink had the most absorption of light in the visible range, absorbing more than 75% of all 
wavelengths (Figure 4.1b). The red ink had low absorption (20-45%) of light in the visible 
range and it allowed 80% light transmission over 620 nm wavelengths (Figure 4.1c). On the 
other hand, the blue ink has shown high light transmission below 500 nm and above 700 nm 
(Figure 4.1d). Brown ink consisted of different dye compositions, showing high light 
transmission at all wavelengths. As a result, red and blue inks had sharp absorption dips in the 
visible spectrum; however, the black and brown inks were highly absorbent in the visible 
spectrum since they were composed of many colours. 
 
Holographic DLIP was performed to produce a well-ordered grating in each ink medium, where 
the size of the grating pattern ranged from 0.2~1.0 cm in diameter (roughly the size of laser 
beam). The four ink media received the same laser beam energy (210 mJ) and they produced 
the same 1D nanostructures. The red ink had low peak absorption at 532 nm so it produced the 
smallest spot size (0.25 cm). The black ink had the largest laser spot size as compared to the 
other inks due to its high light absorption and ablation within the green region of the spectrum 
(Figure 4.2a). The laser ablation process was the result of the laser interference of two beams, 
which can be described by:  
𝐸𝐼=𝐸01 𝑠𝑖𝑛(𝑘𝑥 + 𝜔𝑡 + 𝜀𝐼)                                       (Eq. 4.1) 
𝐸𝑅=𝐸0𝑅 𝑠𝑖𝑛(𝑘𝑥 + 𝜔𝑡 + 𝜀𝑅)                                          (Eq. 4.2) 





where EI is the incident laser wave and ER is the reflected laser wave from the plane mirror, k 
is the propagation number or the magnitude of grating vector and k=2π/𝜆, and x, ω, t, Ʌ, 𝜆 
represent axis plane, angular velocity, time, grating spacing, and wavelength, respectively. The 
initial phase or angle is sampled as ε. The other countenance of symbols shows the resultant 
wave E of initial and reflection waves [61, 148].  
I=Io cos (
 2 𝜋Ʌ 
𝜆




                 (Eq. 4.5) 
The grating structure was created as a result of the intensity (I) of laser interference, where (Io) 
is the maximum laser interference intensity (Eq. 4.4). The exposure angle of all ink films was 
18° from the surface plane of the plane mirror (object) so the four inks had the same grating 
spacing of 840 nm. The difference between the experimental results of grating spacing and the 
analytical solution was 2% (Eq. 4.5). The period of grating spacing can be controlled by the 
exposure angle (Ɵ) between the laser beam and the tilt angle from the surface plane of the 






Figure 4.2: Optical microscopy images of 1D surface grating nanostructures fabricated on 
915 nm thickness dyes by holographic DLIP. Gratings having periodicities of 840 nm in (a) 
black, (b) red, (c) blue, and (d) brown inks. The light transmission graphs of each ink were 
integrated for normalization. (scale bar = 10 μm.) 
 
The formation of gratings on the four coloured inks has increased the broadband light 
transmission. The average transmission ranges between 3-20% (Figure 4.2a-d). The highest 
percentage of transmission change was in the red ink while the lowest one was in the brown 
ink, whereas the transmission increased by 8% and 10% for blue and black inks, respectively 
(Figure 4.2). In general, transmission of light changed in all the ink media operating between 
400-650 nm except for red ink which remained in the entire visible spectrum. The highest 
absorption zone of the red ink was at 559 nm, close to the laser beam wavelength of 532 nm. 







Figure 4.3:SEM grating image of (a) black, (b) blue gratings. The light transmission graphs of 
each ink were integrated for normalization. (SEM scale bar=1 µm) 
 
 
4.4.2-Optical characterization of the gratings  
 
 The created nanostructures were amplitude gratings. However, different absorption regions of 
the ink produced different diffraction responses. Although the standing wave field had the same 
source wavelength, different dye inks formed different diffraction patterns. The black grating 
had the same spacing as the other inks but it has different diffraction responses when 
illuminated with different laser beams (Figure 4.4). The black ink based grating has generated 
additional diffraction spots [149]. The violet laser beam illumination (405 nm) of the grating 
resulted in diffraction of the first order at 27° and the second order at 73°, which agreed with 
the theoretical diffraction spots (Eq. 4.6). In addition, the secondary wave diffracted two more 
spots (Figure 4.4a). The laser beam (532 nm) produced diffraction of the first order at 39°, 
which was similar to the theoretical diffraction angle while the secondary wave created two 
additional spots at 18o  and 63o (Figure 4.4b). Additionally, the red laser beam (635 nm) 
resulted in the diffraction of light at 47° with 2° difference as compared to the theoretical 





diffraction spots resulted from the high absorption of black ink and subsequent secondary 
standing wave. The black dye-based ink received one of the standing beam stronger (532 nm) 
than the other (1064 nm). The two wavelength could electromagnetically induce diffraction 
intensity based on the thickness and the medium of the grating [149, 150]. Although the black 
ink generated additional diffraction spots from the secondary standing wave, another 
experiment has been conducted on black ink with Nd:YAG laser beam 1064 nm and there was 




                                                                                                           (Eq. 4.6) 
 
The red and brown inks showed resemblance in the diffraction of the first order (Figure 3.3e-
f, k-l). However, there was a slight change in the (405 nm) laser diffraction of the second order 
from the two ink gratings (Figure 4.4d-j). The red ink has generated diffraction at 68° and the 
brown ink diffraction was at 71° due to the change reflective index of each colour (Eq. 4.7-9). 
In addition, there were no signs of secondary grating diffraction because both inks gratings had 
low absorption profiles to produce a secondary grating (Figure 4.2b-d). Furthermore, the blue 
ink had slight differences on the diffraction points with an additional weak diffraction spot 






Figure 4.4: Diffraction from nanostructures upon illumination from three onochromatic light 
sources (405 nm, 532 nm and 635 nm) on patterned ink gratings (Λ = 840 nm) (a-c) Black, 
(d-f) red, (g-i) blue, and (j-l) brown inks.(scale bar=5 cm) 
 
In addition, most of the absorption range was within 560-650 nm, which should allow more 
diffraction intensity for a 635 nm laser beam (Figure 4.4i). However, the primary diffraction 





calculated theoretical values (Table 4.1). As a result, the longer wavelength of laser light 
diffracted through a larger angle than the shorter wavelength laser light. In addition, the 
diffractions from the three lasers did not have identical positions even though the spacing of 
the gratings for the four inks were the same. This is because they have different refractive index 
of thick material. The experiment has been repeated multiple times on four different samples 
using the four colours and the results showed that the material colour has influenced the 
diffraction. The diffraction angle (α) of each order (m) and can be theoretically estimated by 
(Eq. 4.6).     
 
Table 4.1: Diffraction from ink based gratings using three laser beams (405 nm, 532 nm, 635 
nm) and comparison with the theoretical values. C: Colour, L: Laser, Exp S: Experimental 
secondary laser, Exp P: Experimental primary laser, Ther.: Theoretical values calculated with 
Eq. 4.6. 
 
Variation in monochromatic light wavelengths to illuminate ink gratings changed diffraction 
efficiency. The diffraction efficiency (Ieff) of each ink grating was considered from the relation 
of the intensity of first order I1 and the zero-order intensity I0 and (Ieff =I1/I0). The black ink 
had three equal monochromatic diffraction spots of the first order because of its absorption 
behavior of the broad wavelengths. However, the diffraction efficiencies of the three laser 





transmissions at zero-order (Figure 4.5a). The light diffraction efficiency of the red ink at 635 
nm was the lowest because most light transmitted in the zero-order as the same wave colour 
(Figure 4.5b). On the other hand, this was not the case for the blue ink. The light at 405 nm had 
high diffraction efficiency due to the two waves (primary and secondary) creating a higher 
sinusoidal absorption grating with small waves to produce a phase grating diffraction in the 
same position of the first order(Figure 4.5c) [146, 149]. The brown ink light diffraction 
efficiency was the lowest because it had low light absorption (Figure 4.5d). The ink thickness 
had an important role on light diffraction based on absorption parameter (Q′) and refractive 
index effect can be calculated as:   
Q′=2πλℎ𝑐/noɅ
2 cos Ɵ                                                                                             (Eq. 4.7) 
m=2πno Ʌ sin Ɵ/λ                                                                                                   (Eq. 4.8) 
ℎ𝑐=λ/2no                                                                                                                 (Eq. 4.9) 
where ℎ𝑐 is the grating thickness, and no is the refractive index of the grating vector [146, 151]. 
Black ink was selected to test the effect of the thickness because it had equal transmission for 
three monochromatic laser lights. The laser light (635 nm) was used to test the transmission 





   
Figure 4.5: Diffraction intensity of the zero and first order from three monochromatic lights 
(405 nm, 532 nm and 635 nm) on four patterned ink gratings: (a) black; (b) red; (c) blue; (d) 
brown ink gratings; black ink gratings at different thicknesses in (e) transmission; (f) diffraction 
modes spin-coating effect; (g) thickness; (h) light absorption. 
 
 
The black ink was spin-coated on 1 mm thick glasses at a speed of (200-1200 rpm). The 
transmission decreased with lower spin-coating speed and higher thickness (Figure 4.5e). 
Additionally, the diffraction intensity of first order increased with increasing thickness of the 





order trend and showed different responses in diffraction intensity. The first order diffraction is 
commonly used in optical applications because it has the highest efficiency, and in the present 
analysis, it can be the primary evaluation parameter. The thickness of the ink medium was being 
controlled by the spin-coating speed (Figure 4.5g). In addition, the ink layer thickness had a 
significant effect in light absorption (Figure 4.5h). As a result, increasing the ink thickness 
reduced the transmission, which enhanced the diffraction efficiency. The refractive index and 
absorption parameters at different thicknesses were calculated by (Equation 4.7-9); and 
therefore, 915 nm thickness was chosen as the best medium thickness for the subsequent 
experiments. Using laser interference in Denisyuk reflection mode, the material thickness must 
be reasonable to allow the laser waves to pass through any substrate to produce the ablative 
reflection waves. If the material does not transmit the laser waves, the medium would burn it 
or not respond. In addition, if the absorption reaches zero or 100% transmission, the target 
material would not interact with the laser wave. This material can be considered as being of a 
reasonable thickness, because some materials, such as Au, did not respond with the laser pulse 
in the reflection mode system if the thickness exceeded 40 nm (Chapter 3) [51, 122]. For these 
reasons, the ink thickness was sufficient (from 50% to 100%), in particular the black and blue 
inks.  
 
4.4.3-Spectrum rainbow diffraction measurement 
 
 A goniometer controlled spectroscopy setup was used for angular measurements and the 
distribution of the rainbow diffraction pattern from each ink grating was recorded (Figure 4.6a). 
The angle-resolved diffraction measurements of the four ink gratings were measured at a 
maximum broadband light intensity to quantify the highest value of diffracted wavelength 





within the range of 400-850 nm. The rainbow diffraction of each ink grating had different arcs 
and number of orders. The length measurements were based on placing a screen at 30 cm away 
from diffraction samples. The black ink grating had the widest dispersion pattern as compared 
to the other inks, and it produced two diffraction orders with a total angular diffraction of 43° 
from one side of the rotation stage (0° to +90°). The total length of the two orders was 22.83 
cm (Figure 4.6b-f). The red and brown ink gratings had the same total angular diffraction 
having a width of 19° to (10 cm long) (Figure 4.6c-g and 4.6e-i). However, the blue ink formed 
a different shape of the rainbow to create a thinner width at the green region with a total 
diffraction of 23° and 12.7 cm long (Figure 4.6d-h). The black ink generated two rainbow 
patterns: the first order was 17°-22° and the second order was at 21°-60° from the two laser 
waves (Figure 4.6f). The black ink had the highest diffraction intensity of all light waves due 
to high light absorption (Figure 4.56j), but 11% of light waves was diffracted at the first order 
(Appendix, Figure 4S.10). However, the red ink diffracted less light from the rainbow pattern 
because it had low light absorption (Figure 4.6g) and diffraction concentrated at the peaks at 
490 nm to 625 nm based on its absorption zone (Figure 4.6). The blue ink grating had the 
highest diffraction value of 73% because of the light absorption between the two peaks (Figure 
4.5l). Nevertheless, the lowest intensity of wavelength distribution was with the brown ink, 
reaching a maximum of 28% diffraction (Figure 4.6i). This is because brown medium lost most 
of light to transmission at the zero-order that led to a low percentage of overall light diffraction 
(Figure 4.6m) (Appendix, Figure S4.11). Consequently, the four ink gratings showed a 
different response on the rainbow diffraction pattern. The blue and red grating inks indicated 
that both of them were able to create single wavelength low-cost photonic structures with 
wavelength dependence. However, the black and brown inks were not able to generate specific 






Figure 4.6: Angle-resolved measurements of the diffraction gratings fabricated via holographic 
DLIP. (a) The spectroscopy system contained the diffraction of a broadband light beam that 
passed through a 1D ink sample on a motorized stage to measure the rainbow pattern. The 
rainbow grating diffraction pattern of (b) black, (c) red, (d) blue, and (e) brown inks. Rainbow 
pattern length from the grating diffraction of (f) black, (g) red, (h) blue, and (i) brown light 
diffraction. Spectroscopy measurements of (j) black, (k) red, (l) blue, and (m) brown dye-based 





4.5-Applications of the ink-based gratings 
 
 The dye-based inks on glass substrates could be used as low-cost wavelength filters. Their 
thickness of the ink layer could be controlled to adjust the percentage of light transmission and 
to create different photonic effects (Figure 4.7a1-4). The numbers of laser pulses were varied 
on the dye-based inks to filter transmission but this process ablated most of the ink medium to 
create ~90% of the light transmission. The laser energy and the thickness of the recording 
medium should be controlled to finely tune the optical properties of the wavelength filter 
transmission. In addition, the hydrophobicity measurements were carried out on the ink gratings 
with deionized water (Figure 4.7b). The nanopatterned gratings were created on the four ink 
types (Figure 4.7c) to show the visible effect of nanostructures and to create 1D structures (800 
nm periodicity) for the hydrophobicity measurements. The hydrophobicity has increased after 
the nanostructure formation on the dye-based inks, but possibility of less than 10% of difference 
from dye ink gratings colour and instrument accuracy precision. We also demonstrate this 
capability by creating 1D nanostructures in blue ink (Figure 4.7d-e). In addition, there are many 
other optical applications that can be achieved with dye-based ink gratings. Multiple laser 
exposures were conducted to ablate the ink substrate in a x-y linear movement stage at 15° to 
produce a 1D diffraction grating in the form of a signature. A 1D grating based signature with 
blue ink can be used to create a high security feature (Figure 4.7f1-f2). According the 
manufacturer, the inks have long-term durability. In these experiments, there was no change in 
sample quality after a year. The image of the sample shown in (Figure 4.7f1) is one year older 
than the second image in (Figure 4.7f2), and they both have comparable optical performances. 
Moreover, a 1D diffraction grating based logo of ‘University of Birmingham’ was created by 
ablating black ink as examples of sophisticated design of trademark and brands for diverse 





holographic displays, data storage, filters, light trapping, security systems, and sensors [61, 143, 
145, 152]. 
 
Figure 4.7: Hydrophobic properties and applications of dye-based ink gratings. (a1) black, (a2) 
red, (a3) blue, and (a4) brown ink wavelength filters. (b) Hydrophobicity measurements on the 
dye-based inks. (c) The nanopatterned gratings in array form. (d-e) hydrophobicity contact 
angle change. (f1-f2) Blue ink based 1D grating personal security signature. (g1-g2) Black ink-








We report the production of optical nanogratings based on economical dye-based inks. The 
diffraction from these gratings depended on the ink’s refractive index and incident wavelength. 
The black ink based nanostructures displayed additional diffraction spots from its secondary 
grating, while the phase grating in the blue nanostructure enhanced light diffraction of the same 
wavelength. Moreover, with increasing ink thickness, the light diffraction is enhanced and the 
effective transmission is decreased. In addition, the ink based gratings can be used as a 
wavelength-dependent filter and their thickness can be controlled to adjust the percentage of 
transmission. In particular, the blue and red ink nanostructures have the potential to be used as 
low cost wavelength-dependent photonic structures, which have application in displays, fibre 
optics, and biosensors. Furthermore, hydrophobicity measurements were performed on the four 
ink gratings to show the increase in the contact angle due to the topology of the nanostructures. 
To demonstrate the utility, the blue ink based grating was demonstrated as an example of an 
advanced personal security signature, and a black ink grating was patterned to display 
‘University of Birmingham’ as a distinctive logo. The DLIP patterning method described herein 
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Economical manufacturing of nanopatterning on a regular daily-used commercial contact lens 
could decrease the healthcare cost. Nanostructures on contact lenses could help to detect the 
leading cause of some conditions of blindness. Several methods could be used, but most of them 
are costly and complicated. Using the black dye ink absorption with a laser in holographic 




Ocular diseases are associated with increasing healthcare costs involving visual acuity tests, 
prescriptions of eye drops, and corrective lenses, and eye surgeries. For instance, diabetic 
macular edema, which is the leading cause of blindness among working age adults in the United 
Kingdom, degrades visual acuity because of the inflammation on the central retinal thickness. 
This is a result of increased intraocular pressure due to damaged blood vessels in the retina, 
resulting in vision impairment [153]. Graves’ disease is another ocular condition resulting in the 
overproduction of thyroid hormones (hyperthyroidism) causing eyelid lag and retraction, 
leading to the deterioration of eye muscles and cornea [154, 155]. Another major ocular 
disorder is glaucoma, with over 60.5 million patients globally, and it is estimated that this 
number will rise to 79.6 million by 2020[156]. Glucoma is caused by the increase of intraocular 
pressure due to the build-up of fluids, damaging the optic nerve leading to complete blindness 
in worse cases[157]. Lastly, inadequate amount of tear or oil production can cause dry eye 





lacrimal gland dysfunction (LGD, aqueous tear deficiency). The dryness could lead to vision 
impairment, discomfort, and eventually blindness. Tear electrolytes such as Na+ ion concentrations 
can be used to diagnose the dry eye severity at early stages [158]. Existing diagnoses of ocular 
vision diseases involves testing of visual acuity and prescribing corrective lenses [159]. 
However, there is a clear lack of quantitative point-of-care diagnostics to aid ophthalmologists. 
It is highly desirable to build a platform on existing commercial contact lenses to create 
functionalities such as sensing biomarkers and physical changes in the eye. 
 
Commercial silicone-hydrogel contact lenses are widely used to correct common vision 
problems. They are made from a variety of hydrogel compounds with different compositions 
but all of them have high water content to interact with the tear film[100]. Tears have 
substantial diagnostic information regarding ocular diseases and they can be used as a surrogate 
medium for analyzing blood chemistry [158, 160]. Recently, an optical fibre sensor attached 
on a contact lens was developed for the quantification of tear electrolytes [161] .Various 
nanostructures have been fabricated within hydrogels that act as optical transducers[32]. 
However, integrating nanoscale features into hydrogel structures represents a fundamental 
challenge for producing functional contact lenses. Nanofabrication approaches to form optical 
structures in polymers are costly and time consuming [45, 131]. Nanostructures can be 
fabricated on contact lenses by contact printing [162, 163], nanoimprinting, micro transfer 
molding,[164] pattern replication induced by an ion field, and ultrashort laser pulse 
lithography. However, these fabrication approaches require multiple steps, high-energy 
supplies, long fabrication times, complex setups, and specialized equipment [45, 116, 131]. In 
addition, they are not capable of producing accurate and reproducible nanostructures on soft 
polymers [49, 165]. On the other hand, most laser interference systems can produce 





without damaging the target substrate as the contact lenses are composed of hydrogel materials 
and can be easily damaged by high-energy laser pulses [125]. 
 
Here, a holographic laser ablation method was developed to produce optical nanostructures on 
commercial contact lenses. A black dye was used on the contact lens to create an interaction 
between the laser interference and the lens material. The dye thickness on the contact lens was 
estimated through a light transmission comparison of other spin-coated dye thicknesses on 
glass [61]. Low-cost optical nanostructures were rapidly created by direct laser interference 
patterning (DLIP) in holographic Denisyuk reflection mode to create ablative interference 
fringes on the contact lens surfaces [49, 51, 61]. One dimensional (1D) nanostructures were 
fabricated on the contact lenses and angle-resolved spectral measurements were performed to 
characterize their optical properties. In addition, 2D nanostructures were fabricated to study 
the light diffraction effects with monochromatic light and broadband white light. The surface 
wettabilities of 2D nanostructures were determined through contact angle analysis by 
measuring the angle between a drop of liquid and a contact lens surface. Hydrophilic properties 
may aid in increasing the tear distribution capability over the contact lens surfaces [166]. The 
hydrophobicity was measured by sessile drop technique as this method was fast and efficient 
to perform at static and dynamic angles [167]. 
 
5.3-Materials and methods 
 
5.3.1-Preparation of the recording media on contact lenses 
 
Commercial silicone-hydrogel contact lenses were used in this work (Narafilcon A, Acuvue, 










. These contact lenses were fabricated by the copolymerization of monofunctional 
polydimethylsiloxane (MPMDSM), N,N-dimethylacrylamide (DMA), hydroxyethyl 
methacrylate (HEMA), siloxane macromer, tetraethyleneglycol dimethacrylate (TEGDMA), 
polyvinyl pyrrolidone (PVP), and they can accommodate 46 vol% of water (Appendix, Table 
45. 1) [169-172]. To prepare a sample, the contact lens was dehydrated, attached to a glass 
slide, and a synthetic black dye (thickness ~ 915 nm) was directly deposited on it [26-29]. The 
thickness of the dye on the contact lens was estimated based on the transmission of different 
spin-coated thicknesses on glass substrates and compared with the published work. This 
thickness was chosen because it optimized laser interference in Denisyuk mode to provide a 
well-defined nanostructure to interact with the laser beam (Appendix ,Figure 5S.12)[61]. The 
lens was hydrated with deionized water (DI) and artificial tear solution (Hypromellose 0.3 wt% 
eye drop) [170, 171]. In addition, the contact lens was tested in a cuvette for continuous sensing 
measurements. 
5.3.2-Fabrication of diffraction gratings on contact lenses 
  
Holographic direct laser interference patterning was used in Denisyuk reflection mode. A 
nanosecond pulsed laser (λ=1064 nm, 240 mJ, 3.5 ns selected in Chapter 3) was used to ablate 
the black dye which was deposited over the contact lens surface by pen tip. The interference 
between the incident and reflected laser beams ablated localized regions of the dye medium. 
The exposure angle of all dye films was 35° from the surface plane of the plane mirror, which 







5.3.3-Spectroscopic measurements of the ink gratings 
 
 The diffraction of light from 1D gratings was analyzed by normally illuminating the periodic 
samples with blue (λ=450 nm), green (λ=532 nm), and red (λ=635 nm) laser beams and 
recording the transmitted light on a flat screen placed perpendicularly 17 cm away from the 
sample. The testing was performed on plain lenses, black dyed lenses, and on lenses with 
patterned nanogratings, in three phase conditions (dry lens, wet with DI water and wet with 
artificial tear solution).  
 
5.3.4-Angle-resolved measurements of the gratings 
 
 A halogen light source (HL-2000, Ocean Optics) and a goniometer setup were used to carry 
out angle-resolved measurements of diffraction efficiency on the ink nanogratings. The sample 
was placed 17 cm away from the optical probe to analyze the diffracted wavelengths. A 
motorized rotating stage was used for the broadband spectroscopic analysis of the rainbow 
diffraction produced by the nanostructure gratings. The rotation stage had a precision of 0.5° 
step from -90° to +90°. 
 
5.4-Results and discussion 
 
5.4.1-Holographic fabrication of nanostructures on contact lenses 
 
Figure 5.1a shows a schematic of the hologram recording setup in Denisyuk ablation mode. 
The laser beams (λ=1064 nm) initially directed by a mirror travelled to the black dye on the 





the localized regions on the medium. The synthetic black dye on the contact lens was selectively 
ablated to form a holographic nanograting structure. This dye was chosen as it was able to 
increase the absorption to enable ablation to generate low-cost gratings [145, 147]. A 
holographic contact lens was produced through laser interference (Figure 5.1b). 1D and 2D 
nanostructures were created on the contact lens (Figure5.1c-d). The nanostructure fabricated on 
the contact lens was measured using optical and scanning electron microscopy techniques 
(Figure 5.1e). The contact lenses have different thicknesses and concave geometry for 
achieving comfort in the eye (Figure 5.1f). A dry contact lens was sliced to measure the lens 
thickness (Figure 5.1g) and the pattern was formed near the edge of the lens to prevent 
obstructing the vision through the centre of the lens. The lens was sandwiched between glass 
slides for testing purposes. The plain (unmodified) thickness was measured when the lens was 
at ambient moisture. The thickest of the lens was ~170 μm, which decreased to 65 μm in the 
central regions. On the other hand, the thickness of the lens increased to 185 μm at the edges 






Figure 5.1: Fabrication of 1D nanopatterns on a contact lens through nanosecond DLIP in 
holographic Denisyuk reflection mode. (a) Nd:YAG laser beam (1064 nm, 3.5 ns) was guided 
by a mirror and passed through a dyed contact lens and reflected back from a plane mirror to 
ablate localized regions in the recording medium. (b) Fabricated ink-based holographic 
nanostructures on contact lenses (scale bar=5 mm). Schematics of (c) 1D and (d) 2D 
nanostructures. (e) Optical microscopy image of 1D nanostructure surface. The inset shows the 
SEM image of the surface topography (scale bar=5 μm). (f) Contact lens geometry and 
thickness distribution. (g) An optical image of a contact lens cross section in ambient humidity 
conditions (scale bar=100 μm). (h) Contact lens thickness change in ambient humidity, fully-
hydrated condition in DI water, and hydrated condition in artificial tear.  
 
 
The artificial tear solution decreased the thickness of the plain lens by ~10 vol% as compared 
to the DI water. This could be attributed to the decrease in Donnan osmotic pressure caused by 
the electrolytes in the artificial tear. The water content in the contact lenses were considered in 
equilibrium swelling degree 𝑞𝑤 (Eq. 5.1), where mambient  was the lens mass in ambient 








) × 100 (%)                                                                                    (Eq. 5.1) 
 
Holographic DLIP ablates synthetic black dyes on the contact lens to form a grating. Nanoscale 
grooves were produced on the contact lens surface due to the high energy of interference. The 
main laser ablation process on the lens was created by the laser interference of two beams: YI 
is the incident laser wave (reference) and YR is the reflected laser wave (object) from a plane 
mirror.  The higher energy of interference produced when two laser interacts with each other 
which can be described as:  
 
 𝑌𝐼=A𝑐𝑜𝑠 2𝜋(𝑣𝑡 +
𝑥
𝜆
)                                                                                             (Eq. 5.2) 
  𝑌𝑅=A𝑐𝑜𝑠 2𝜋(𝑣𝑡 −
𝑥
𝜆
)                                                                                            (Eq. 5.3) 
  Y=𝑌𝐼+𝑌𝑅 =|2Acos2π
𝑥
𝑦
|cos2 𝑣𝑡                                                                             (Eq. 5.4)     
  
where A, 𝑣, t and λ represent axis plane, velocity, time, and wavelength, respectively. The 
grating spacing depends on the exposure angle (Ɵ) of the contact lens at ambient conditions 
[48, 51]. At an exposure angle of 35° (from the horizontal plane), a grating spacing of 925 nm 
was produced. This spacing can be theoretically calculated by using the grating equation. 
 
The difference between the experimental results of grating spacing and the analytical 








5.4.2-SEM structure images, light transmission and polarization on contact lenses 
 
Figure 5.2a-c shows the SEM images of the fabricated nanostructures on the contact lenses and 
the optical transmission analyses in the wavelength range of 400-850 nm. The transmission 
studies were performed on plain lenses, lenses with thin black dye film, and the lenses with 
nanopatterned gratings. The lenses were tested in three phases: ambient humidity, fully-
hydrated with DI water, and fully-hydrated with artificial tear. The transmission on the plain 
contact lens changed in different phases (Figure 5.2d). When the contact lens was in ambient 
humid condition, it had the highest transmission (95%). However, the transmission decreased 
in fully-hydrated DI water and artificial tear conditions. The contact lens was a transparent 
material in ambient humidity condition, but when in wet condition, an additional medium was 
absorbed by lens’ matrix. This additional media changed the effective lens thickness and the 
refractive index which altered the absorption and transmission through the lens based on the 
refractive index of the solution (Figure 5.2d). However, the deposition of the black dye on the 
lens highly decreased the light transmission by 80% (Figure 5.2e) [61]. Increasing the 
absorption contributes to increasing the ablation efficiency with the Nd:YAG laser beam. 
However, if the absorption threshold reached >90%, laser beam could not ablate the sample as 
low-energy laser beam passes through the sample and returning beam from the plane mirror 
becomes ineffective in producing interference. The formation of the grating on the contact lens 
increased the transmission efficiency by 35% (Figure 5.2f). Light polarization was also 
measured in the plain lens at ambient humidity, fully-hydrated, and grating lens at ambient 
humidity conditions, where the light transmission ranged from 0° to 90°, reaching complete 
absorption (Figure 5.2g-i). Neither the fully-hydrated mode nor the black dye on the lens nor 







Figure 5.2: Electron microscopy and spectroscopy analyses of the nanopatterned (a-c) SEM 
images of 1D nanostructures on the contact lens with increasing magnification (scale bar=5 
μm). Scale bar for (c) is 2 μm. The optical transmission spectra for commercial contact lens in 
three conditions: (d) plain lens, (e) black dye coated the lens, (f) and nanopatterned lens at 
different moisture conditions. Effect of incident light polarization on transmission in (g) fully-





The depth profile was simulated on z(x,y) plane to characterize the groove measurement. The 
vertical and horizontal axes represent the repeated periodicity of Gaussian distribution. The 1D 
pattern was simulated to have a groove spacing of 925 nm and a depth of 800 nm at refractive 





Similarly, modulation of the 1D phase difference was produced based on the difference path 
profile of the nanostructure at the x-y plane (Eq. 5.5-7).  
  Ɵ(x,y)= z(x,y)𝑘1+( 𝑧𝑚𝑎𝑥-z (x,y) )𝑘0                                                                       (Eq. 5.5)   
𝑘1 and 𝑘0 𝑟epresent the vectors of the substrate and the  𝑧𝑚𝑎𝑥 is the maximum depth. The phase 
difference can be summarized with arbitrary phase constant Փ: 
 
  Ɵ(x,y)= z(x,y)(𝑘1 − 𝑘0)+Փ                                                                                    (Eq. 5.6)       
Phase constant can be modulated as the complex value to become: 
 
   I(x,y)= 𝐼0(x,y) 𝑒 
𝑖Ɵ(𝑥,𝑦)                                                                                           (Eq. 5.7)     
where laser beam intensity profile (Gaussian beam illumination) represented by 𝐼0 and I(x,y) 
was used to compute the diffraction of the far field[116]. Diffraction from 1D nanostructures 
on the contact lens gratings were simulated (Figure 5.3a1-c1). The experimental illumination 
from three monochromatic light sources (450 nm, 532 nm and 635 nm) were analyzed. The 
blue laser beam illumination (450 nm) on the lens nanopatterns resulted in the diffraction of the 
first order at 27° (Eq. 4.6)[61]. 
 
Where m represents the diffraction order. As the contact lens was soaked in DI water for 20 
min, the thickness of the lens increased, elevating the first order diffraction to 29°. Then the 
contact lens was brought back to ambient humidity and immersed in artificial tear for 30 min. 
It was kept for longer time because the artificial tear had higher viscosity (6.4 mm2 s-1) than 
water at 24°[173]. The optical analysis showed additional degrees of angular diffraction (Figure 
5.3a2). The simulated diffraction values of lens at ambient conditions were identical to that of 
fully-hydrated lens (Eq. 5.8). The green laser beam illumination (532 nm) on the lens 





having ambient humidity condition. The diffraction increased by 2° when the lens was fully 
hydrated and had additional 2° when it was hydrated with artificial tear (Figure 5.3b2). 
 
  
Figure 5.3: 1D surface grating nanostructures fabricated by holographic DLIP.Simulation and 
experimental diffraction results for gratings with a periodicity of Λ=925 nm on the contact lens 
surfaces in ambient humidity, fully-hydrated and artificial tear conditions. (a1) Simulated and 
(a2) experimental diffraction results for 450 nm wavelength at different humidity conditions. 
(b1) Simulated and (b2) experimental diffraction changes at 532 nm. (c1) Simulated and (c2) 
experimental diffraction for 635 nm. Scale bar=5 cm. 
 
 
Similar trend of change was obtained with the red laser beam illumination (635 nm) on the 
grating, but the diffraction angle was higher than that of the blue and green lasers. There was 
4° difference between the contact lenses at ambient moisture and fully-hydrated conditions. The 





tear was ~7° (Figure 5.3c2). The theoretical values were estimated based on the effective 
refractive index of DI water with contact lens (~1.40) and artificial tears (1.336). Although the 
refractive index of pure DI water is 1.33, but when it is measured within the contact lens, it 
becomes ~1.40. The observations showed that the experimental results matched with the 
theoretical values. However, in the case of the artificial tears, the refractive index was 
equivalent to the human tear [169, 172-174] .Table 5.1 shows the experimental and theoretical 
diffraction values of all wavelengths.  
 
Table 5.1: Diffraction from contact lens gratings using three laser beams (450 nm, 532 nm, 
635 nm) and comparison to the theoretical values. Exp: Experimental diffraction angle, Theo: 
Theoretical diffraction angle values. amb-hum:ambient humidity, full-hyd:fully-hydrated, and 
hyd-tear: hydrated with tear.  
 
The illumination diffraction angles of each wavelength were influenced by the nanostructure 
on the surface of the contact lens. Longer wavelengths of laser light diffracted through a larger 
angle than the shorter wavelengths. In addition, the lens in ambient moisture had the lowest 
diffraction angle as compared to the other two states because the lens was the thinnest in this 
condition. Increasing the lens thickness contributed to reducing the lens grating gap which 
increased the diffraction angles. In addition, artificial tear in lens showed higher diffraction 
angle than the fully-hydrated condition in DI water although it had proportionally smaller 
effective thickness. This phenomenon can be attributed to the decrease in Donnan osmotic 





Therefore, the grating structure in the lens could be used as a generic sensor to measure analyte 
concentrations based on ionic changes from human eye tears via rapid light diffraction changes:   
 
 m=2π𝑛𝑜 Ʌ 𝑠𝑖𝑛 Ɵ/λ                                                                                                (Eq. 5.8) 
Where 𝐧𝐨 represents effective refractive index. 
 
5.4.3-Fabrication of 2D nanostructures on contact lenses  
 
 2D periodic square nanostructures were also fabricated with holographic DLIP by exposing 
the recording medium to two beam pulses. The sample was rotated 90° after the first exposure 
to produce the 2D square patterning, with the same tilt angle used in both exposures (Figure 
5.1a). The 2D grating structure had a periodicity 925 nm × 925 nm (Figure 5.4a). The 2D 
nanopatterning enhanced the transmission by 10% in the all phases as compared to the 1D 
structure with ambient humidity state and fully-hydrated condition with artificial tear (Figure 
5.4b). This was due to reduced dye coated regions and overall more transparent lenses. The 
diffraction measurements were performed with illuminations from three laser beams on the 2D 
grating structure to measure the optical properties of the lenses. The 450 nm illumination 
produced four diffraction spots from the 2D patterning. The diffraction points were at 27° on 
the x and y-axes (Figure 5.4c-d). Similarly, the diffraction angles were 34° for 532 nm (Figure 
5.4e-f) and 41° for the 635 nm laser wavelengths (Figure 5.4g-h). The 2D pattern was compared 
with 1D grating based on the diffraction efficiency. The diffraction efficiencies (𝑰𝒆𝒇𝒇 = 𝑰𝟏/𝑰𝟎) 
of the lenses were considered from the relation of the intensity of the first order 𝑰𝟏 and the zero-
order intensity 𝑰𝟎. Although the diffraction intensity in the three laser illuminations were close 
for the both 1D and 2D in the x-axis, the efficiency of the 2D grating was higher. The zero-





efficiency at x-axis. In addition, the 2D gratings had additional diffraction spots along the y-
axis due to the geometry of structures. As a result, the 2D diffraction patterns had higher 
diffraction efficiency and they added more optical features by increasing the number of 
dimensions in which light was diffracted. 
 
5.4.4-Spectrum rainbow diffraction measurement  
   
To evaluate the response of the nanopatterns to broadband white light, a goniometer setup was 
used to carry out angle-resolved diffraction efficiency measurements. Diffraction spots from 
the nanostructures of contact lens were analyzed in transmission mode. The spectroscopic 
analysis of the rainbow diffraction was performed on a motorized rotating stage with a 
broadband halogen light source illumination. The rainbow distribution of grating diffraction 
was recorded by moving the motorized stage with 0.5° step increments from -90° to +90° 
(Figure 5.5a). The 1D and 2D rainbow diffractions of the two contact lenses were measured. 
The length measurements were based on placing a screen at 16 cm away from diffraction 
samples. The angle-resolved diffraction from the two lens gratings were measured at a 
maximum broadband light intensity to quantify the highest value of diffracted wavelength 
distribution. The maximization enabled to have the same bandwidth of grating diffraction 
within the range of 400-850 nm to compare 1D and 2D x-axes nanostructured patterns. The 
rainbow diffraction patterns of 1D and 2D lens gratings had same arcs (37° to 58°). These 
patterns showed low visible wavelength intensity at 570 nm. The diffraction efficiency of 
contact lens with ambient humidity condition was less than 10% for the two patterns (Figure 
5.5b). The 2D nanostructures formed four rainbow diffraction patterns based on the shape of 






Figure 5.4: Optical characterization of 2D surface grating nanostructures (925 nm × 925 nm) 
fabricated by holographic DLIP on the contact lens. (a) An optical microscopy image of the 
2D grating. (b) Angle-resolve measurements of diffraction readouts in transmission mode upon 
illumination with three monochromatic beams: (c-d) 450 nm, (e-f) 532 nm, and (g-h) 635 nm. 







The x-axis of the 2D grating generated similar trend and intensity as compared to the 1D 
rainbow diffraction patterns. The second rainbow diffraction of the 2D grating in y-axis had 
lower intensity. Figure 5.5c shows holographic contact lens attached on an artificial eye model 
showing the location of the nanostructure. The 2D rainbow image displayed diffraction in x and 
y axes (Figure 5.5d). 
 
Figure 5.5: Angle-resolve measurements of the 1D and 2D diffraction patterns from the contact 
lens. (a) The spectroscopic measurement of the rainbow diffraction of 1D nanostructure over 
the contact lens in transmission mode using a broadband light. Scale bar=5 mm. (b) Broadband 
white light angular measurements for 1D and 2D gratings along the x-axis. Scale bar=5 mm. 
(c) Holographic contact lens on an eye model. (d) 2D rainbow diffraction of the holographic 






5.5-Fabrication of different nanostructures on contact lenses 
 
Fabricating nanostructures on the contact lens can change the surface contact angle as well as 
the optical properties. If the contact angle increases due to the nanopatterning of the surface 
then the contact lens will become more hydrophobic. Therefore, its softness will decrease and 
its suitability for human eye wear will become a challenge as it can cause irritation [175]. The 
hydrophobicity of unmodified contact lens with sessile drop test (5 μl) was ~59°,[176] whereas 
the 1D nanopatterned contact angle displayed 62.8° (Figure 5.1e). Four different 
nanopatterning structures were produced for this experiment. The 1.28 μm × 1.28 μm structure 
showed similar structural patterns as the earlier 2D nanostructure, but it had a relatively larger 
grating spacing (Figure 5.6a1). However, the diffraction on the nanopatterns showed two orders 
on each side of the x and y axes with 8 diffraction spots in total (Figure 5.6b1). The 2D square 
structure produced four identical rainbow diffraction patterns but closer to the zero order 
(Figure 5.6c1). The square nanopatterning showed some increase in the contact angle, reaching 
~71° (Figure 4.6d1). The second nanostructure was a rectangular pattern and had a grating size 
of 1.68 μm × 1.45 μm (Figure 5.6a2). It produced 12 diffraction spots, which were influenced 
from the grating spacing and shape (Figure 5.6b2) [51]. In addition, it created four visible 
rainbow diffraction patterns (Figure 5.6c2) and the contact angle was lower than the first 
nanostructure (Figure 5.62d).  
 
The next nanostructure was a rectangular pattern produced by three laser pulse exposures to 
obtain spacings of 0.85 μm × 2.4 μm (Figure 5.6a3). The 2D nanostructure produced three 
horizontal sets of diffraction (Figure 5.6b3). Two orders of rainbow diffraction were produced 





contact lens in ambient humidity (Figure 5.6d3). The final structure was fabricated with three 
laser pulses and had a smaller nanostructure geometry between large gaps (Figure 5.6a4). The 
contact angle measured was ~62.5°, closest to the 1D nanopatterned lens and the unmodified 
contact lens (Figure 56b4).  
 
Holographic DLIP system enabled producing different types of nanopatterns on the soft and 
fragile lens surfaces. The contact lens material (silicone-hydrogel), which is not purely solid at 
ambient humidity conditions, withstood up to three laser pulses without significant damage to 
the relatively thin matrix. The four different nanoscale shapes fabricated had an effect on the 
arrangement of diffraction distributions, with grating spacing influencing the location of the 
diffraction spots. Structures shown in Figure 5.6a1 and Figure 5.6a3 displayed an increase in 
the contact angle although the structure area on the lens was relatively smaller (2 mm). The 
nanostructure geometries can be easily optimized by vary the nanostructure to tailor the wetting 







Figure 5.6: Optical microscopy images of 2D nanostructures with different geometries on 
contact lenses. (a1) 1.3 μm × 1.3 μm, (2a) 1.7 μm × 1.5 μm, (a3) 0.9 μm × 2.4 μm, and (a4) 
0.9 μm × 2.7 μm. Scale bars = 5 μm. (b1-4) Diffraction of monochromatic light (450 nm) via 
2D patterned arrays. Scale bar=1.0 cm. (c1-4) Rainbow diffraction from 2D patterned arrays, 
scale bar=1.0 cm. (d1-4) Contact angle measurements of 2D nanostructures on contact lenses. 




5.6-Nanostructures on contact lenses for optical sensing 
 
The nanopatterned contact lens was used as a generic sensor. One of the 2D nanostructure 
patterns (925 nm × 1555 nm) was used to sense analytes in the artificial tears. The x-axis 





of Na+ ions in tears, as an increase or decrease in electrolytes can be an indication of eye 
disorders [158]. The normal concentration of Na+ and Cl- ions in human tears are 142 mmol L-
1 and 135 mmol L-1, respectively [177]. Different concentrations were prepared in DI water for 
testing purposes. The contact lens was placed in a cuvette for continuous optical measurements. 
The black dye and nanostructured contact lenses were tested in transmission mode in the 
cuvette at different Na+ ion concentrations. The transmission of the black ink dye on contact 
lens showed no significant change from 0 mmol L-1 and 230 mmol L-1 Na+ ions but decreased 
at higher concentrations (Figure 5.7a).  
 
The transmission increased through the nanopatterned contact lens and the diffraction intensity 
changed with increasing Na+ ions in the solution (Figure 5.7b). The nanogratings on the lens 
surface had periodic grooves and the refractive index of the groove medium changed the 
grating’s diffraction properties. Hence, the variation in transmission was based on the change 
in the effective refractive index due to the change of electrolyte concentrations (Figure 5.7c1-
4 and Appendix Table 5S.2). The diffraction measurements for the contact lens nanostructures 
were carried out with a 635 nm laser illumination. The readings were recorded every 10 min 
with different electrolyte concentrations. This time frame was selected as sufficient period to 
achieve equal comparison between all concentrations. (The results showed an increase in 
diffraction angle with increasing concentration of Na+ ions (Figure 5.7d). It is hypothesized 
that the increase in ion concentrations caused the lens to expel water and shrink, leading to a 
decrease in grating spacings and hence an increase in diffraction angles. The lenses can be 
further functionalized by using engineered dyes/materials which respond to specific analyses 






Figure 5.7: Light transmission spectra as a function of Na+ ion concentrations(a) Dye coated 
lens and (b) nanograting on contact lens. (c1-c4) Ellipsometry, refractive index, and grating 
diffractive angle measurements of Na+ ion concentrations (Table S5.3). (d) Diffraction 
measurements on the nanopatterned contact lens at different Na+ ion concentrations. Scale 
bar=5 cm. (e-h) Different designs (rings/patches) of holographic nanostructures fabricated on 
contact lenses. Each image demonstrates the diffraction colours observed at various angles. 







We also fabricated various holographic patterns (nanostructures) on contact lenses to show the 
flexibility and uniformity of the laser-based fabrication method (Figure 5.7e1-h2). The 
holographic structures on contact lenses displayed rainbow diffraction effects upon 
illumination with broadband white light. These nanostructures can be designed in various 
shapes (rings/patches) and can be used for sensing and also to enhance the appearance of the 
contact lenses, for example for cosmetic purposes. Furthermore, the nanopatterns may change 
their visible colors in response to changes in the curvature of the eyes, hence allowing the 




With the low-cost and direct holographic DLIP method optical nanostructures were produced 
on commercial contact lenses. Depositing a synthetic black dye on the contact lens allowed the 
formation of surface nanogratings on the hydrogel matrix using a pulsed Nd:YAG laser. These 
optical nanostructures were fabricated at the edge of the contact lens to prevent any sight 
obstruction or interference of human vision. The formation of 2D nanostructures on lens 
surface increased the diffraction intensity by more than 10% as compared to 1D nanostructures. 
The versatility of holographic laser ablation method was demonstrated by creating four 
different 2D nanopatterns with different designs on the contact lens surface without 
significantly changing the hydrophilicity properties. Additionally, direct sensing of Na+ ions 
was conducted by measuring the transmission and diffraction properties. Ocular conditions 
such as edema, Graves’ eye disease, and glaucoma can be potentially monitored from the 
change of eye curvature which will have direct influence on the shape and spacing of 





early stages when the contact lens matrix is functionalized and integrated with the 







Preparation of the lenses; black ink gratings at different thicknesses in transmission and 
diffraction modes; material properties of the contact lenses; NaCl in DI water at different 
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A holographic ablation based on direct laser interference was used to produce non-linear 
nanostructures. The black ink dye was used to form circular and curved nanopatterns. An 
optical investigation of the nanostructure was developed on glass before it was deposited on a 
commercial adhesive tape. The non-linear nanostructures could be used in sensing and 
imaging for buildings’ construction, aircrafts, and human interface devices. (Curve Photonic 




Tension indicators are greatly needed for monitoring and recording health conditions in civil 
engineering, airspace and human interface applications. There are many complex systems, 
extremely large and non-planar surfaces which require vigorous alert systems to prevent any 
catastrophic damage from happening [178]. For example, stalactite straws growing beneath 
concrete are able to damage a building’s structure. Humidity, low air circulation, 
CO2concentration, pH level and other chemical reactions lead to speeding up the growth of 
these straws, which could degrade the concrete texture [179]. In the USA there are more than 
600,000 bridges which make it hard for continuous inspections due to the growing maintenance 
cost. One in four bridges could be considered structurally inadequate for use, which would 
raise a public safety concern. MicroStrain miniature sensors use nodes in a bridge structure for 
wireless discrete placement to measure structure problems such as vibration, load, strain, 
corrosion, displacement and tilt. They are able to measure bending strains of +/- 400 µɛ [180] 





require a high-voltage X-ray tube and gamma rays for detecting wire cable damage at every 
0.3 m [105, 106]. Some airplane structures are made from carbon fibre as a light material, but 
unpredictable discrete events can cause structural delamination. In addition, most modern 
airplanes are made of a composite material structure which can have complex failures, such as 
resin cracking, fibre breakout and disjointing. These failure mechanisms are hard to detect and 
require frequent manual inspections; so this leads to inflation of the airlines’ operating costs. 
[181, 182]. Fibre Bragg grating (FBG) has been used in airplanes and other engineering 
applications to measure tension load by light wavelength as a reliable response technique. 
Gluing FBG under the composite skin and stiffener has contributed to health monitoring in 
most large aircrafts. However, it could interoperate a failure occurrence close to the localised 
area, and it has weak deformation capability and a small measurement range (< 2%) 1 mm/m 
resolution [108, 183, 184]. Some transducer strain sensors are able to measure large 
deformation (mm scales) and instability on unconventional surfaces [104, 106, 109]. There are 
other types of flexible, low power consumption and lightweight strain sensors. They are 
designed to have high stretchability and employ piezoresistive strain sensing. Nevertheless they 
require many steps of chemical procedures [178, 185, 186]. 
Feasible and highly responsive strain sensors could be made by optical nanostructures because 
they enable the control of the light direction [110, 187]. However, metal nanopatterning 
structurers and semiconductor film for strain sensors have been used, but they showed 
limitations in flexibility and dynamic systems [178, 188]. A non-linear nanostructure could 
provide a strong non-linear response[110, 189]. An integrated nanostructure on a commercial 
adhesive tape would produce a low cost and flexible strain sensor to integrate on any surface. 
However, integrating nanoscale features into tape represents a fundamental challenge. Some 
nanofabrication methods are able to form optical structures, but they are considered costly and 





beam, and ultrashort laser pulse lithography could be used to fabricate nanostructures on tape 
[12, 22, 34]. However, these fabrication methods require complex set-ups, high-energy 
supplies, multiple steps, expensive equipment and long fabrication times [116, 131, 164]. In 
addition, there are many laser interference systems that are able to produce nanostructures [45]; 
however, they would damage the target substrate (tape) because of the high pulse beam energy  
[191] . 
 
Optical nanostructures can rapidly be produced at low cost by a holographic laser ablation 
method. Deposited black dye is able to produce ablative interference fringes by direct laser 
interference patterning (DLIP). Holographic DLIP of the Denisyuk reflection mode can make 
a Fresnal zone plate (Fzp) and a distorted nano structure or curved grating (CG) from black 
dye on the top of tape without damaging it [4, 124]. Additional samples are created by changing 
the samples’ tilted angle range between 50 and 350 at different incident positions on a concave 
mirror, to get different pulse waves’ reflections. Moreover, 2D nanostructures were fabricated 
to study the light diffraction effects with monochromatic light and wettability of 1D and 2D 
nanostructures. The nanostructure on the tape measured the stretching for sensing.  
6.3-Materials and methods 
 
6.3.1-Preparation of the recording media of the sensing tape 
 
In the first stage, a black dye (Staedtler Lumocolor) was deposited on a slide glass. Diluted ink 
solutions (1:8, v/v in ethanol) were spin coated on 1 mm thick glass slides at 200 rpm for 35 s. 
The dyes used were permanent and had a long-term durability based on the manufacturer’s 
information and from previous experiments. In the final stage, back dye was deposited on a 





glass and the tape has been considered based on established work through the transmission 
mode optical spectra of different spin-coated thicknesses on glass substrates (Appendix Figure 
5S12) [61].  
 
6.3.2-Fabrication of diffraction gratings on glass on adhesive tape 
 
Holographic direct laser interference patterning was used in a Denisyuk reflection mode. A 
nanosecond pulsed laser (λ = 1064 nm, 180 mJ, 3.5 ns  selected in Chapter 3) was used to ablate 
the black dye deposited on the glass surface and the same on the stretchable tape. The 
interference between the incident and reflected laser beams ablated localized regions on the dye 
medium. The exposure angle of all dye films was 0°-35° from the surface of the concave mirror, 
which was used to produce the object beam in the holography set-up. The concave mirror had 
a 12.7-mm diameter; the thickness of the mirror was 3.1 mm at the edge and 3 mm at the deepest 
point in the centre. 
 
6.3.3-Spectroscopic measurements of the ink gratings 
 
The diffraction of light from 1D and 2D gratings was analyzed by normally illuminating the 
periodic samples with blue (λ = 450 nm), green (λ = 532 nm), and red (λ = 635 nm) laser beams 
and recording the transmitted light on a flat screen placed perpendicularly 17 cm away from 
the sample. The testing was performed on black patterned nanogratings. A motorized rotating 
stage was used for broadband spectroscopic analysis of the diffraction through the 






6.3.4-Angle-resolved measurements of the gratings 
 
A halogen light source (HL-2000, Ocean Optics) with a goniometer set-up was used to achieve 
angle-resolved measurements of diffraction efficiency on the ink nanogratings. Analysis of the 
diffracted wavelengths was carried out by placing the sample 17 cm away from the optical 
probe. A motorized rotating stage was used for the broadband spectroscopic analysis of the 
rainbow diffraction, which was produced by the nanostructure gratings. The rotation stage had 
a precision of 0.5° step from the left side 0° to -90° and the right side 0° to +90°. 
 
6.4-Results and discussion 
 
6.4.1-Holographic fabrication of Fresnel zone plate and distorted nanostructures  
 
At first, the glasses were coated with the black dye which acted as a recording medium to get 
accurate and reliable measurements. The dye was selected because it can interact with a laser 
beam to make a well-defined nanostructure [48]. According to the manufacturer, the black dye 
had a long-term durability of five years. In some recognized experiments, there was no change 
in the nanostructure quality after more than three years of use. The black dye had a 915-nm 
thickness based on the subsequent experiments from the established work (Appendix Figure 
5S12) [61, 130, 145]. Figure 6.1(a) illustrates the set-up diagram of the Denisyuk ablation mode 
to make the holographic structure on the recording medium. Initially, the laser beam was 
directed by a dielectric mirror to eliminate any possible waves from the laser beam, then it was 
guided to a plain mirror for two different sets of mirrors. The laser beam was directed to the 





reflected from the centre of a concave mirror. The reflected beam waves from the centre point 
of the concave mirror were aimed to focal point (𝑓𝑐) at 50 mm (Eq. 6.1). However, the incident 
and returning laser beams were interfered with by the black dye before they reached the focal 
point to ablate the localized regions on the medium. Due to the concave mirror having a surface 
change of 100 µm, the reflection beams were modulated into a quadruple amplitude wave, 
which ablated different circular periodicities at the exposed region on the dye [192]. However, 
the amplitude wave which was reflected from the deepest centre zone (the centre of the mirror) 
did not change because it returned to the same original direction without any interface beam 
wave. As a result, the ablation produced a Fresnel zone plate (Fzp) structure (Figure 6.1(b1-3)) 
[49].  
 
In the second laser beam exposure process the laser beam was directed to the edge or the side 
of the concave mirror, so part of the incident laser beam was reflected from one edge of the 
concave surface. The quadruple reflected laser profile ablates part of the localized region on the 
black dye medium, to form a distorted structure or curved grating (CG) in a set of semi-circles 
(Figure 6.1(c1-3)). Both structures are gratings resulting from the laser interference produced 
from various parts of the concave mirrors which produce non-linear structures [112, 149, 192, 




𝑟𝑐                                                                                                                      (Eq. 6.1)                                                                                                                                                          






Figure 6.1: Fabrication of Fresnel lens and distorted nonpatterns of nanosecond DLIP in 
holographic Denisyuk reflection mode: (a) Nd:YAG laser beam (1064 nm, 3.5 ns) was guided 
by a dielectric mirror and passed to a set of mirrors through black dye on a glass slide reflected 
back from (b1), the centre of the concave mirror (centre pulse (Cp)); (b2) Fresnel zone plate 
representation; (b3) optical image of  the fabricated Fresnel lens plate. The second set of 
mirrors: (c1) exposure from the side of the concave mirror (side pulse (Sp)); (c2) displacement 
structure representation; and (c3) optical displacement structure. (scale bar = 100 µm) 
The interference of the laser ablation process resulted from two beams. The interference 
developed from the maximum energy of the incident electric laser wave  EI and reflected 
electric laser wave ER:  
𝐸𝐼=𝐸𝐼 𝑠𝑖𝑛(𝜔𝑡 + 𝛼𝐼)                                                         (Eq. 6.2) 







2+2𝐸𝐼𝐸𝑅 cos(𝛼𝑅 − 𝛼𝐼)                                    (Eq. 6.4) 
where λ , x, ω, and t represent the laser wavelength, axis plane, angular velocity and time 
respectively. In addition, k is the magnitude of the grating vector or the propagation number 
and can be calculated by k = 2π/ 𝜆. The separation of space and phase is defined by  𝛼 (x. , 𝜀 ) 
= - (kx+ 𝜀 ). The phase difference is represented as a sign by δ = (𝛼𝑅 − 𝛼𝐼) =
2𝜋/𝜆(𝑥1 − 𝑥2 ) [148]. 
 
The holographic DLIP has produced the Fzp and (CG) structures by arranging the samples’ 
angle at 00 during the interference. The result of the phase grating made both the structures 
have different spacings. Optical microscope images were used to measure the average large 
structure (R1) and the average smallest periodicity structure (R2) in every sample (spacing in 
central and side regions labelled in Figure 6.1(b3-c3)). The centre pulse (Cp) made the 
symmetric Fzp structures and it had no structure at the midpoint which was considered as R1 
with zero periodicity. While it showed the structure spacing of R2= 12.1µm Figure 6.2(c1)). 
On the other hand, the side pulse (Sp) structure showed the spacing of R1= 9 µm centrally, 
changing to the smallest spacing of R2= 5.6 µm in the outer regions (Figure 6.2(s1)). Changing 
the samples’ exposure angle (Ɵ) on the holographic DLIP allows decreasing of the structure 
spacing (Ʌ) [51]. Additional samples are made at the same two incident points of Cp and Sp 
locations on the concave mirror, with various tilt angles 50-350. The shape of the Fzp changed 
after changing the tilted angle to 50. It was then not a full circle as the Sp structure. Increasing 
the tilted angle also decreased the structure periodicities (Figure 6.2(c2)). While the same 
exposure angle of the Sp decreased the curve structure and the spacing to R1= 3.44 µm and 
R2= 3.39 µm (Figure 6.2(s2)). In addition, the resultant difference of the structural spacing of 





- 6.2(s3)). The full experimental microscope images of the Cp and Sp patterning structures are 
provided in (Appendix Figure 6S13-14). The Eq. 4.5 was used to estimate the theoretical mean 
values of the structural spacing with the exception of 00 angle exposure. The Cp structures’ 
mean values were closer to the theoretical values than the Sp structures’ because the concave 
mirror surface changed gradually from the centre to the edge. While the Sp nanostructures 
started from a side region of the uneven surface to produce smaller spacing than the Cp 
structure. Both laser reflection positions of Cp and Sp started to match periodicity with the 
theoretical spacing values at 200 because both reflected from an almost similar size of 
reflection area on the mirror (Figure 6.2(d4)). The experimental and theoretical structures’ 
spacings are provided in (Table 6.1). Transmitted measurements were conducted on all 
structures to study the space light interactions (Figure 6.2(c4-s4)).    
 
As a result, the holographic DLIP generated different structures’ spacing. The grating 
periodicity can be managed by controlling the sample exposure angles and beam reflection area 
from the concave mirror. Transmission measurement decreased as the structure periodicity 
became smaller. The produced patterning structure considered as non-linear structures. 
 
 
Table 6.1: Periodicity measurement black dyes based on the changing exposure angle; C: pulse 








Figure 6.2: Optical microscopy images showing surface grating nanostructures fabricated by 
holographic DLIP reflection from the centre and the side of a concave mirror. The effect of 
changing the laser amplitude due to the reflection and samples’ tilted angle on the structures’ 
spacing (the smallest regen R1 - the largest regen R2 periodicities): (c1) 𝟎𝟎 (0 µm-12.1 µm); 
(s1) 𝟎𝟎 (5.6 µm-9 µm); (c2) 𝟓𝟎 (4.9 µm-7.1µm); (s2) 𝟓𝟎 (3.39 µm-3.44 µm); (c3) 𝟐𝟓𝟎 (1.16 
µm-1.23 µm); (s3) 𝟐𝟓𝟎 (1.12 µm-1.17 µm). Tilted angle effect on structures’ spacing of (d4) 
Cp, Sp and theoretical; (c4) transmission on Cp structures ;(s4) transmission on Sp structure; 
scale bar = 5 μm.  
 
6.4.2-Optical characterization of the structure 
 
Analysis with experimental laser illumination from three monochromatic light sources blue, 
green and red wavelengths (450 nm, 532 nm and 635 nm) was conducted on the patterned 





main diffraction analysis because it has a large wavelength to generate large diffraction angles   
[52, 149, 187]. The spacing produced at various tile exposure angles ( 50 to 350 ) influenced 
the diffraction angles to increase for both Cp and Sp pattern structures [61, 110, 187]. Although 
the diffraction was asymmetric with one side diffraction intensity being higher in the first order 
than the other one in all the structures (Figure 6.3(c1-s1)). The positive orders were less intense 
because the diffraction was affected by the direction of the curved structures, producing highly 
intense focal points (ƒ𝑜) on one side and defocused low intensity spots on the other side [189]. 
In addition, the light intensity reduced as the diffraction angle increased. As the structure 
spacing reduced, the diffraction intensity decreased (Figure 6.2(c4-s4)) [112, 189, 193]. The 
intensity of the Cp structures was higher than the Sp, especially in the larger spacings. 
Moreover, there were more diffraction points at the Cp structure than at the Sp structure. On 
the other hand, the diffraction angle of the Sp structure was higher than for the Cp structure. 
The difference in the intensity and the diffraction angle also resulted from the size of the 
structure spacing (Table 6.1). The full experimental diffraction graphs of the Cp and Sp 
patterning structures are provided in (Appendix Figure 6S15-16). The diffraction angle and the 
focal points could also be estimated based on the structure size (Eqs 4.6-6.5) and the theoretical 
and experimental diffraction point is presented in (Table 6.2). 
   ƒ𝑜=
𝑟2
2𝑚𝑊
                                                                                                                   (Eq. 6.5) 
Where the m, 𝛼, ƒ𝑜, r and W are the order number, diffraction angle, focal points’ radius of 






Figure 6.3: Experimental diffraction from nanostructures of varying periodicities produced at 
tilted angle of  𝟓𝟎 − 𝟑𝟓𝟎, via central pulse (c1); and side pulse (s1). Diffraction from  𝟎𝟎 
samples with (c2) symmetric Fzp circles and (s2) asymmetric curve structures. Red laser 
illumination on a 𝟓𝟎 (c3) centre structure; (s3) side structure. Diffraction results for 450 nm, 
532nm, and 635 nm wavelengths with 𝟐𝟓𝟎  tilt angle sample (c4) centre pulse; (s4) side pulse; 
scale bar = 5 cm. 
 
 
In addition, the diffraction of the Cp and Sp at 00 had different behaviours. The Cp structures 
made one diffraction point based on a full symmetric circle structure (Figure 6.3(c2)). Although 
it has many differently sized circles which can generate different focused orders (ƒ𝑧), all of 
them are focused on the centre based on the radius size and the illumination wavelength (Eq. 
8) [195, 196]. Similarly, the Sp structures are able to focus on the centre (Figure 6.3(s2)). 





centre (based on many experiments). The extra diffraction points could also be approximated 
by Eq. 4.6. When the exposure angle changed to 50, both the patterning structures focused in 
the first order (Figure 6.3(c3-s3)). Even though the zero order seemed to have higher intensity 
than the first order, it would shift. Further analysis is considered on 250 Cp and Sp structures 
by the three laser wavelengths. The diffraction angle of the low wavelength was less than for 
the higher wavelength[51]. However, the short wavelength illumination (450 nm) has a higher 





                                                                                                                      (Eq. 6.6) 
 
The spacing and the shape of the Cp and Sp structures influenced the diffraction angles and 
intensity to make one side focus and the other defocus; although the diffraction intensity of the 
Sp structures was higher than the Cp structures. In addition, if the exposure angle was at 00, 
the highest diffraction point was always in the centre. While the size of the wavelength of the 
lasers’ illumination was able to affect the diffraction angle and intensity.  
 
Table 6.2: Diffraction angle measurement on glass black dyes, based on the changing angle of 
beam exposure (𝟓𝟎 − 𝟑𝟓𝟎) of the samples, and comparison between experimental and 







6.4.3- Focusing analysis 
 
Further analyses demonstrate the benefits of curved structures. The 250 tilted samples of the 
Cp and Sp structures were selected as a string with very close agreement between the 
diffraction and the structures’ spacing. Using a white screen arranged at the first distance of 18 
cm from both the samples and maintaining an image distance at 20 cm, the screen’s distance 
was decreased by 3 cm in six steps. The last step’s distance was 1 cm, as the closest possible 
point to the sample. Although the images of the first order diffraction spots seemed to move 
closer to 0 order, all spots moved along one diffraction angle, which was 310 for the Cp 
and 320 for the Sp structure (Figure 6.4(a-b)). The spot size of the diffraction points was 
decreased as they moved closer to the illumination source. The light intensity of the spots were 
the lowest at 18 cm in the both samples and increased as they moved closer to the laser 
illumination source. However, the Cp and Sp structures gave the highest intensity at 3 cm 
distance at the focused point, then decreased to 2 cm from the samples. The Sp structure’s 
intensity seemed to be higher than the Cp structure between 2 cm and 3cm because of the small 
difference in the spacing (Figure 6.4(c)). 
 
Another structure was used to add important analyses of focused diffraction intensity (non-
linear structure) [110, 149, 189]. The 50structure of the Cp has been used as one with the 
highest diffraction points compared to the other structures. The same analysis of moving the 
screen was used. The intensity of 0 order was low at 18 cm screen distance and for several 
steps. Then the first order (-1) reached the maximum intensity at 12 cm distance; then it 
decreased near the illumination source (Figure 6.4(d-e)). A comparison between the negative 
and positive diffraction intensity points was added to show the full change of diffraction 






Figure 6.4: Changing distance of the measured diffraction patterns from  𝟐𝟓𝟎tilted angle 
samples (a-b) central pulse structure and side pulse structure; (c) two pulse structure 
comparison. Changing screen distance for a centre pulse 𝟓𝟎 sample ; (d) image of diffraction 
at different distances. Red laser illumination for 𝟓𝟎 tilted angle sample (e) graph for changing 
distance and resultant diffraction intensity; (f) left side of diffraction points; and (g) right side 





The Cp and Sp pulse structures at 250 showed equal and low diffraction intensities in  the first 
order at 18 cm distance, then reached maximum diffraction intensity around 2-3 cm at the 
focused points. The Sp structure had lower intensity than the Cp structure; then it is increased 
due to the focus point and spacing. On the other hand, the 50 structure showed maximum 
intensity in the first order at 12 cm to the focus point, before it returned to the main source 
position at the centre of 0 order. As a result, the distorted nanostructure was influenced by the 
size of the structure, to create the maximum intensity at the focus point; which can be used as 
a strong signal to detect any change of movement or surface shift.   
 
 
6.4.4-Spectrum rainbow diffraction measurement 
 
A goniometer set-up was used to measure the angle-resolved diffraction efficiency. The set-up 
was able to measure the rainbow diffraction wavelengths from the nanostructures, as it moved 
on the motorized rotated stage (Figure 6.5(a)). The grating rainbow diffraction covered the 
wavelengths between 400-800 nm. The samples were placed about 17 cm from the spectro 
meter detector. The length measurements were based on placing a screen at 35 cm away from 
the diffraction samples. The white light showed different responses when transmitted through 
both the Cp and Sp pulse structures. The Fzp structure allowed all the wavelengths to emerge 
together towards one focus point; because the structure had a composition of several sized full 
circles and acted as a lens [110]. However, the CG showed some diffracted wavelengths 
because the structure has multiple semi-circle structures and acts as a grating. The Cp structures 
started to diffract different orders on both sides between 5° to 15°; then diffraction became one 
order on both sides between 20° to 35° (Figure 6.5(b)). The rainbow diffraction was measured 





 The curved nanostructures have more visible wavelength intensity on the left side than the 
right side, due to the curve direction making it focused on one side. The goniometer set-up was 
used to analyse the 25° sample produced via Cp and Sp. The wavelength diffraction profiles 
are the same on both sides (Figure 6.5(d)). The right-side rainbow length was 7.4 cm and the 
left side was 13.4 cm. On the other hand, the length of the left and right sides of the Sp were 5 
cm and 10 cm respectively (Figure 6.5(e)). This showed a good focus of the wavelength on one 
side (right); although the intensity of the Sp was less than the Cp patterning. This is because 
the focus point of the Sp patterning was shorter than the Cp patterning due to a difference of 
structure size.  
 
The Fzp, Gd, Cp and Sp structures diffracted all wavelengths. The distribution of the rainbow 
patterning increased as the structures’ size decreased. The Cp and Sp structures have strong 
wavelength intensity at the right-hand sides because they were the focused sides. The Cp 
structure has a high wavelength intensity because the focus point was a longer distance than 
the Sp patterning. More length of rainbow patterning could help to deliver more information, 






Figure 6.5: Angle-resolved measurements of fabricated patterning structure by holographic 
DLIP: (a) the spectroscopy system to analyse a white light diffracted beam through a sample 
on a motorized stage to measure the rainbow pattern. The rainbow structure diffraction pattern 
for (b) centre pulse samples produced at 0° to 35°; (c) side pulse samples at 0° to 35°. Lift and 
right rainbow diffraction of 25° structure: (d) centre pulse patterning, and (e) side pulse 





6.5- Applications of the curved nanopatterning structure 
 
6.5.1- 1D/2D curved nanopatterning structure 
  
The second stage of the experiment involved curved structures on a number of applications. 
Instead of using a glass slide a low-cost commercial tape was selected to deposit the 
nanostructure upon. It was chosen based on many advantages, such as having a good adhesive 
layer, strength, flexibility, being waterproof, fully transparent and having stretch-ability. The 
thickness of the tape was 100 µm. The black dye was deposited on the tape with the same 
thickness. A holographic DLIP laser was used to generate 1D nanopatterning at a 35° exposure 
angle (900 nm x 880 nm) (Figure 6.7(a)). The 2D structure was designed by a sample rotation 
of 90° to make the same spacing in the x and y axis (900 nm x 900 nm and 880 nm x 880nm) 
(Figure 6.7(b)) [51, 52]. Transmission mode was used to measure the material surface thickness 
on the tape before and after the nanostructure. The halogen light was used for transmission 
analysis with reference to a plain tape. The plain tape showed high transmission reaching about 
98%, but the transmission decreased to 18% with black dye coating.  
 
The transmission increased on the 1D and 2D nanostructures. The 2D curved structure showed 
a higher wavelength transmission than the 1D due to more material removal and increased 
transparent structure gaps (Figure 6.7(c)). The hydrophobicity measurement was conducted to 
measure the change in the tape’s surface properties (contact angle) in response to 1D and 2D 
nanostructures respectively (Figure 6.7(d-f)). In addition, the three wavelength illumination 
were used to show the diffraction from the 2D structure. In addition, the three wavelength 
illuminations were used to show the wavelength interaction on the 2D structure. They showed 





Moreover, 2D patterning generated two rainbow diffractions patterns on both axes (Figure 
6.6(j)). In addition, the RGB room light measurement on a 1D 35° tilt angle structure showed 
a visible wavelength change from blue to red as the structure was exposed to the light source 
normally. The curved nanostructures altered 0. 3𝑜 to 14.2𝑜 to show a visible change which 
could be used as an indication of wavelength change (Figure 6.7(k)). Furthermore, the black 
dye nanostructure was tested in DI water at different pH concentrations to show stability with 
pH (Figure 6.6). 
 
Figure 6.6: Holographic 1D (0.9 µm) nanopatterning structure via measurements diffractive 
angle of pH concentrations  (a)5.0, (b)5.5, (c)6.0, (d) 6.9, (e) 7.4, (f)7.8, (g)8.2.(scale bar=5 
cm) 
 
The plain tape, 1D and 2D structures showed a change of transmission and contact angle. 
Moreover, the 2D structure showed the diffraction angle and rainbow patterning with an extra 
spot at the y-axis. The 2D structure could help to detect the elongation change from the two 
axes. The visible wavelength of the 1D structure based on the changing sample tilting was able 






Figure 6.7: Fabrication of 1D and 2D curved nanopatterns using holographic DLIP. The larger 
and smaller structure periodicity were (a) 1D (0.88 µm-0.90 µm); (b) 2D (0.90 µm-0.88 µm x 
0.88 µm x 0.9 µm); (c) transmission analysis; scale bar = 5µm. Contact angle measurements 
of (d) plain tape; (e) 1D structure; (f) 2D structure; scale bar = 1 mm; laser illumination of (g) 
450 nm; (h) 532 nm; (i) 635 nm). Rainbow diffraction of (j) 2D pattern sample; visible colour 






6.5.2- Elongation sensing, imaging and holographic logo 
 
The 1D Sp structure made at  35𝑜 on adhesive tape was used on a strain measurement set-up 
(Figure 6.8(a)). The illumination was started with a diffracting angle of 44°. The tape would 
be stretched to analyse the intensity and the diffraction angle variation. The main testing would 
measure the diffraction angle on the focused point side. The strain test was conducted on the 
tape of 4 cm length and 1.5 cm width to measure the Young’s modulus of the tape. The tape 
has ductile behaviour (Figure 6.8(b)), with an elastic limit of 1.3 N/cm2 and Young’s modulus 
of 36.7 N/cm2. Then the tape started to yield in the plastic zone at the Young’s modulus 13.3 
N/cm2 and 4.6 cm (Figure 6.8(c)). The elongation was conducted with the set-up by elongating 
the tape of 0.6 cm more than 300 stretches to detect 5 µɛ of each elongation alteration. Seven 
points were selected to expose the diffraction change positions (Figure 6.8(d)). The intensity 
increased as the stretching increased, because the gap spacing increased to allow more light to 
focus at a longer distance. The change of diffraction position could measure the change of the 
elongation. In addition, it could provide control of the focal length based on an extension of 
the tape. 
 
6.5.3-Imaging and holographic logo 
 
 
Further application can be used from curved nanopatterning. Using a lens behind the Fzp, CG, 
and 5° of the Cp structure were used for imaging as the largest structures. The structures would 
modify efficiently the focal length of the lens (Eq. 6.7) to make multiple images based on the 
structure size (Eq. 6.8) [112, 118].  


















                                                                                                    (Eq. 6.8) 
Where n, 𝑟𝑖, 𝑟𝑜 , 𝑑 represent the lens refractive index, inner radius, outer radius and lens 
thickness.  The Fzp and Gd have shown single images on the zero order (Figure 6.8(e-f)). While 
the 5° of the Cp structure showed more than one image. Although, it was supposed to show the 
focus point on the left of the first order (-1), it showed the main image at zero order and the 
first order. This is because the screen was at 15 cm which is out of focus for the first order. The 
screen was kept in one position to expose the same parameters for all images. In addition, the 
5° of the Cp structure was exposed to three illumination lasers (Figure 6.8(h-j)). Moreover, 
holographic DLIP with continuous pulses at a sample tilted angle of 35° was used to produce 
a nanostructured BHAM pattern on the tape. Holographic logo can be visualised from normal 
room light and used as a flexible holographic structure. It can be transferred to other surfaces 
and it can also be employed for security uses (Figure 6.8(k-m)). Additional 2D holographic 
curved nanostructures were produced with different sizes of the x and y axes. The curved 
nanostructures have a large structure side for imaging and a small spacing side for sensing 
(Appendix Figure 6S.17).  
 
Using the holographic DLIP to generate a curved nanostructure on an adhesive tape could 
transfer it to the flexible strain sensing to attach to different types of surfaces. The curved 
structure can increase the intensity as the stretching increases, to emphasis a stronger alert 
signal during structural damage. The size of the spacing of the curved nanostructure and the 
length of the tape are the main controllers to increase or decrease the response of the elongation 
change. The Fzp, Gd, and 5° of the Cp structure are able to provide imaging for the target 
surface. In addition, the light wavelength could affect the focus distance of the point to provide 






Figure 6.8: Curved nanostructure on a tape for elongation measurement and applications (a) 
stretching set-up; mechanical measurements of tape, (b) elastic and plastic deformation, (c) 
Young’s modulus; curved nanopatterning on tape, (d) stretching diffraction measurement; 
imaging by white source nanostructure, (e) Fresnel lens, (f) grating displacement, (g) centre 
pulse at 𝟓𝟎; imaging with monochromatic light through 𝟓𝟎centre pulse structure:(h) 450nm, (i) 
532nm, (j) 635nm); holographic curved nano surface grating of (k-m) BHAM logo; scale bar 





Moreover, the curved nanostructures could provide a visible sensors under simple room light. 
The holographic BHAM curved nanostructure not only could be used for a transferable visible 
commercial logo, but also could provide a security hidden light key. Additional 2D holographic 
curved nanostructures were produced with different sizes of the x and y axes. The curved 
nanostructures have a large structure side for imaging and a small spacing side for sensing 
(Appendix Figure 6S.17).  
 
 6.6-Conclusion  
 
Depositing a synthetic black dye on stretchable tape allowed the formation of nanogratings on 
a surface by a pulsed Nd:YAG laser. The holographic DLIP produced Fzp and Gd and it was 
able to produce different curved structures spacings by changing the sample exposure angle. 
The spacing of the structures would modify the focal length distance. Moreover, the short 
wavelength is able to focus at a longer distance. Controlling the curved structure spacing could 
help to control the intensity, diffraction and visual image. In addition, adding a lens behind the 
Fzp or large curved structure could help to deliver live images of the targeted structure. The 
35° Sp nanostructure on the tape was use for measuring the elongation change for strain 
sensing. The 2D curved structures could help to measure the surface changes in two axes. A 
visible colour change of the curved structure could add more information. The black dye 
nanostructure on the tape was stable in different pH concentrations. The curved structure was 
able to amplify the light intensity, as the stretching increased to indicate any significant change 
in geometry. The structures’ spacing and the length of the tape are the main parameters to 
increase or delay the light signal from any material damage and shifting. For these reasons a 
low-cost curved structure on the tape enabled the sensing of any possible dynamic elongation 









The researches objectives were achieved by using holographic DLIP in the Denisyuk reflection 
mode to fabricate nanostructures. The holographic DLIP is able to produce fast low-cost 1D/2D 
nanopatterns and thus to address major deficiencies of lithographic methods for a range of 
applications. Studying the holographic DLIP system and trying to improve the control of the 
spacing and shapes of the nanopatterning structures was very valuable research. The 
investigation and analysis of nanostructures could help to make some improvements for optical 
applications. Nanotechnology research needs to drive important possible solutions for normal 
and challenging problems to human health, safety and daily needs. A number of industries 
require simultaneous technology improvements with highly precise measurement facilities at 
a low cost, to improve their products’ quality. Therefore, in order to deliver all these outputs, 
this thesis experimentally investigated the nanopatterning structures for optical applications. 
The outcome of using holographic DLIP strategy in our research was two types of optical 
sensors. In addition some of the optical applications were introduced as personal security 
signatures, holographic logos, filters, Fresnel lens and surface imaging structure. Furthermore, 








  Periodic nanostructures and photonic structure materials are needed in nanotechnology for 
numerous optical applications. Their use provides an innovative and significant path to solve 
some important and intricate problems in humans’ everyday live. This thesis delivers the 
procedure of holographic direct laser interference patterning (DLIP) as a nanofabrication 
process that can reduce cost, time and is flexible for nano-applications. Holographic DLIP is a 
single laser beam reflected by a mirror to allow the swift creation of high-resolution multiple 
laser beams on a target substrate. The consequence of using holographic DLIP strategy in our 
research can be presented as the following contribution points: 
 
1-Integrating a meniscus lens with a laser in front of a holographic Denisyuk reflection mode 
system was used to control nanostructure spacing by three parameters: adjustment of a 
sample exposure angle, the distances between the laser-source sample and mirror-sample 
distance.  
 
2-Managing the three parameters yielded different nano geometry dimensions of 1D/2D 
holographic nanostructures. 
 
3-Controlling the nanostructure shapes and periodicities has affected the optical properties.  
 
4-Substrate thickness is imperative because it can influence and increase the efficiency   of 
the diffraction intensity.  
 
5-The holographic Denisyuk reflection mode presented a good approach of fabricating, 





    
6-Low-cost ink dyes of four colours based (black, red, blue, and brown) on 915 nm thickness 
were used in our research which have diverse optical (transmission) properties. 
 
7-They were comparatively thick films associated with the metals’ thickness which created 
them to produce proficient optical properties. 
 
8-The ink dyes were exposed to the holographic DLIP system to generate the same 
nanopatterning spacing (840 nm) to study the laser relations with surface colour. 
 
9-The thick amplitude grating of the four ink colours created divergent absorption wavelength 
profiles and different responses with illumination and rainbow diffraction because they 
have dissimilar  refractive indexes. 
 
10-The black ink has the highest absorption among the four dyes; while the brown has the 
deepest absorption.  
 
11-The blue and red ink nanostructures have the capability to be used as low-cost wavelength-
dependent photonic structures; which can be used for displays, fibre optics, and 






12-The blue and black nanostructures were applied to determine an advanced personal 
security signature and a holographic logo of the ‘University of Birmingham’. 
 
13-The benefits of the black-based dye’s optical properties for human health applications 
such as ocular ailments, can decrease healthcare costs. 
 
14-Tears could be applicable as significant indicative information concerning ocular diseases, 
so commercial silicone-hydrogel contact lenses could be used to identify ocular diseases 
by incorporating a nanopatterning structure on low-cost commercial contact lens. 
 
15-The deposition of a synthetic black ink dye on the surface of the contact lens permitted the 
holographic DLIP to format nanopatterning structures.  
 
16-The nanostructures were designated on the contact lens’ edge to avoid any obstacles for 
human vision.  
 
17-The nanopatterning structures were verified in various environmental forms (dry lens, wet 
with DI water and wet with artificial tear solution) to show a quick optical response. 
 
18-2D nanostructures were made-up on the contact lens’ surface to enhance the diffraction 
intensity by more than 10%. 
 
19-Different designs of nanostructures were produced, to prove the hydrophilicity stability of 






20-The nanostructure has revealed a strong sensing response for changing Na+ ions’ (±47 
mmol L-1) in a human tear to detect the severity of dry eye difficulties at an early stage.  
 
21-The black-based dye’s optical properties could be used as tension indicators to monitor 
and record health circumstances in civil engineering, airspace and human interface 
applications.  
 
21-The holographic DLIP laser interference reflection initiated the Fresnel lens and curved 
nanostructures from synthetic black dye on the surface of a low-cost type of commercial 
adhesive. 
 
22-The nanostructure of the black dye was steady with different pH concentrations and contact 
angles and could be used for complex systems.  
 
23-The curved nanostructures are non-linear structures and capable of generating light focal 
points as a strong signal, to offer a reliable, effective response. 
 
24-The size of the wavelength of the lasers’ illumination emphasises the focus point. 
 
25-The curved nanostructures on the adhesive tape have shown a robust indication that it is 
essential to measure surface elongation of 20 µɛ during testing measurement.  
 






27-Attributing a lens behind the Fzp and large curved structures would provide live imaging 
for the target surface. 
 
28-Tilting the 1D structure within the range of 0.3° to 14.2° could provide visible wavelength 
changes under broadband light and were used for manageable holographic symbol design. 
 
 
 7.3-Future work 
 
The monitoring of physical changes in the eye needs further investigation and research. Using 
a holographic nanostructure on commercial contact lenses can be used to report physical 
changes. Some ocular diseases are associated with intraocular pressure (IOP) due to the build-
up of fluids and the geometry of the cornea. Irregular changes in human eyes during illness 
need to be observed. These symptoms of major ocular diseases, such as glaucoma, keratoconus, 
diabetic macular edema, and Graves’ disease could be monitored to prevent irreversible 
damage to human eyes. Using the nanostructure on a contact lens could help to report a direct 
diagnosis of an eye curvature. The early research and experimental results have showed that 
the nanostructure’s spacing on the contact lens decreased during the increase of the curvature 







Figure 7.1: Fabricated 1D surface grating nanostructures on contact lens by holographic DLIP 
to measure curvature change. Red laser illumination (a) curve change; (b) diffraction angle; 
scale bar = 5cm 
 
    
In addition, the holographic DLIP has been used to create two types of nanostructure on a 
contact lens (amplitude and curved structure). The two structures require further research. 
A holographic nanostructure made on a rice sheet is shown in Figure 7.2. The holographic 
nanostructure could be used for food decoration or optical sensing, which requires further 
research.   
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Figure 2S.1: Example of direct laser interference patterning by two laser beams (a) schematic 


































3S-HOLOGRAPHIC DIRECT PULSED LASER 










Figure 3S.4: Laser spot size as a function of (h) distance variations. Inset size (diameters): s1 
= 7.3 mm, s2 = 7.6 mm, s3 = 8.2 mm, and s4 = 9.1 mm. 
  
 
Figure 3S.5: Microscopy images of the Au 25nm thickness surface gratings fabricated by 
holographic DLIP. (a, b, d) Examples of changing the laser energy on the Au film. (c) The plot 
for the change of energy effect in the Au film. The graph shows that the effect of laser energy 
after 330mJ on Au film which increase the removal rate and affect the material quality.( scale 
bar =5 μm) 







Figure 3S.6:Microscopy images of 2D arrays with different thicknesses fabricated by 
holographic DLIP. (a) Arrays of 25 nm thick rectangle (0.969 µm ×4.76 µm) and (b) Arrays of 
40 nm thick square (1.14µm × 1.14 µm), (c) Arrays of Au 25 nm thick squares (1.36 µm × 




Figure 3S.7:SEM images for 25 nm thick Au surface grating with spacing of (a) 2.4 µm × 1.8 
µm and (b) 2.4 µm. Alicona images for (c) 2.4 µm × 1.8 µm and (d) 1.8 µm periodic sample. 







Additional experiments were performed to show the repeatability of this fabrication technique. 
Figure 3S.9 below shows the gratings made with similar machining parameters on different 
samples which results in having identical structures. Several Au samples with thickness of 19 
nm were ablated by a 150 mJ laser pulse, resulting in a 1.19 μm grating spacing each time 
(Figure 3S.9a-b). The same exercise was also repeated with samples of 25nm thickness, 
resulting in a grating of 1.37μm each time (Figure 3S.9-d). 
 
 
Figure 3S.8:Microscopy images of (a-b) 19 nm Au surface gratings fabricated by holographic 
DLIP with energy of 150 mJ.  (c-d) 25 nm Au surface grating with energy of 330 mJ with 
spacing of 1.37 μm. (scale bar =5 μm) 
 
 
We used the following parameter for producing the 1D gratings: 19 nm thickness, 150 mJ laser 
energy, 21 cm laser beam-sample distance (h), Ɵ=25𝑜angle, 0.79 cm mirror-sample distance 
(d) and 1Hz frequency (f) to achieve periodicity of Ʌ =1.19 μm. We made the two samples in 





are made with: h = 21.5 cm, Ɵ = 20𝑜, d=1.8cm, f =1Hz to make grating spacing Ʌ=1.357μm 
in both samples. 
 
4S-LASER NANOPATTERNING OF COLOURDED 
INK THIN FILMS FOR 
PHOTONIC DEVICES 
 
SEM grating image of (e) black, (f) blue gratings. The light transmission graphs of each ink 
were integrated for normalization. (scale bar = 10 μm. SEM scale bar=1 µm) 
 
 
Figure 4S.9:Nanostructure diffraction from three monochromatic lights of (405 nm, 532 nm 
and 635 nm) on black ink grating (0.84 nm) (a-c) Nd:YAG laser beam wavelength 532 nm (d-










Figure 4S.10:Angle-resolved measurements of the diffraction gratings fabricated via 




Figure 4S.11:Transmission through 0-order (a) glass, (b) black ink, (c) red ink, (d) blue ink 







5S-DIRECT LASER WRITING OF NANOPHOTONIC 
STRUCTURES ON CONTACT LNESES 
 
Preparation of the lenses. The black ink was spincoated on 1 mm thick glasses at a speed of 
(200-1200 rpm). The transmission decreased with lower spincoating speed and higher layer 
thickness (Figure a). The diffraction intensity of first order increased with increasing thickness 
of the ink layer (Figure b). Similarly, we compared the transmission of black dye with its 
thickness on contact lenses to find an optimum thickness of near 915 nm (or 900 nm). 
 
Figure 5S.12: Black ink gratings at different thicknesses in (a) transmission, (b) diffraction 
modes. 
 
The 915 nm thickness was chosen as the best medium thickness for the subsequent 
experiments. Using laser interference in Denisyuk reflection mode, the material thickness must 
be reasonable to allow the laser waves to pass through any substrate to produce the ablative 
reflection waves. If the material does not transmit the laser waves, the medium would burn it 
or not respond. In addition, if the absorption reaches zero or 100% transmission, the target 












Table S5.2:Dissolved NaCl in DI water at different concentrations and ellipsometry 

















Figure 6S.13: Optical microscopy images showed surface grating nanostructures fabricated by 
holographic DLIP reflection from the centre of concave mirror. The of changing the laser 
amplitude due reflection and samples tilted angle on structures spacing (c1) 00 , (c2) 50, 





Figure 6S.14: Optical microscopy images showed surface grating nanostructures fabricated by 
holographic DLIP reflection from the side of concave mirror. The of changing the laser 
amplitude due reflection and samples tilted angle on structures spacing (s1) 00 , (s2) 50, 







Figure 6S.15: Experimental diffraction at central pulse on concave mirror with samples tilted 
angle of (c1) 50 − 350 (c2) Fresnel lens at 00, (c3) 50, (c4) 100 ,(c5) 150 , (c6) 200,  (c7) 250 






Figure 6S.16: Experimental diffraction off side pulse on concave mirror with samples  tilted 
angle of (s1), 50 − 350 (s2) Grating displacement lens at 00, (s3) 50, (s4) 100 ,(s5) 150 , (6s) 









Figure 6S.17: 2D patterning structures produced by holographic DLIP reflection on the side of 
concave mirror and they are generated by three pulses. Optical microscopy images of 2D 
nanostructures with different geometries and the 635nm illumination diffraction (a1) 1.7 μm × 
1.7 μm, , (1b) 1.2μm × 1.2 μm, , (c1) 1.84μm × 4.5 μm.(a2-c2) Diffraction of monochromatic 
light (635 nm) via 2D patterned arrays. (scale bar = 5 μm) 
 
 
 
 
 
 
